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Abstract 
Many organic electronic devices for energy harvesting, storage, information display, 
sensing and actuation rely on mixed (electronic and ionic) transport within a single organic 
layer. Although electronic transport in these materials is relatively well understood, a 
fundamental understanding of ion transport is missing, mainly due to the lack of a direct 
method to assess ion mobility in the simultaneous presence of electronic conduction.  
I developed a simple analytical model that describes ion transport in a planar junction between 
an electrolyte and a conducting polymer film. When ions are injected in the film, holes recede, 
leading to partial dedoping of the film. This is modeled by two resistors in series, an ionic one 
for the dedoped part and an electronic one for the still-doped part. Analytical predictions can 
be made for the temporal evolution of the drift length of ions and the current, variables that 
could be assessed experimentally. A numerical model based on forward time iteration of 
drift/diffusion equations is used to validate these predictions. Using realistic materials 
parameters, I found that the analytical model can be used to obtain the ion drift mobility in the 
film. 
Furthermore I developed an experimental method in which its one-dimensional 
geometry allows the application of the analytical model and leads to a straightforward 
estimation of the ion drift mobilities in conducting polymers. Using planar junctions between 
the prototypical conducting polymer film poly(3,4-ethylenedioxythiophene) doped with 
poly(styrene sulfonate) (PEDOT:PSS) and various electrolytes I was able to inject common ions 
and directly observe their transit through the film.  PEDOT:PSS was found to support efficient 
transport of protons, potassium, sodium and choline ions, consistent with the observation of 
extensive swelling of the film in water. Crosslinking the film decreased its swelling and the ion 
mobility. This method, therefore, paves the way for establishing the relationship between 
structure and ion transport properties in this important class of electronic materials. 
Understanding the high correlation of hydration and ionic conductivity enables us to 
engineer materials with high and defined ion mobilities. As an example collaborators from 
Monash University developed blends of poly(3,4-ethylenedioxythiophene) doped with tosylate 
(PEDOT:TOS) and the hydrogel protein Gelatin. I characterized the ion transport in the films and 
the composites showed enhanced ion mobility in comparison with the neat PEDOT:TOS. We 
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were able to tune the value of ion mobility by adjusting the relative ratio of the hydroscopic 
phase to PEDOT:TOS. 
Finally I combined the moving front experiment with electrochemical impedance 
spectroscopy. The impedance spectra were consistent with an equivalent circuit of a time 
varying resistor that corresponds to ion transport in the dedoped region of the film in parallel 
with a capacitor that is associated with charge separation at the moving front. Eventually this 
work will lead towards a microscopic model of the impedance response of conducting 
polymers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
iii 
 
Résumé 
De nombreux dispositifs  pour l’électronique organique et la bioélectronique  reposent 
sur le transport mixte (électronique et ionique) au sein d'une seule couche organique. Le 
transport électronique dans ces matériaux est relativement bien compris, mais une 
compréhension fondamentale du transport des ions est manquante. J'ai développé un modèle 
analytique simple qui décrit le transport d'ions dans une jonction planaire entre un électrolyte 
et un film de polymère conducteur. Le modèle permet des prédictions de l'évolution temporelle 
du courant et de la «drift length» des ions. Ces prédictions sont validées par des simulations 
numériques et en utilisant des paramètres réalistes, je montre que le modèle analytique peut 
être utilisé pour obtenir la mobilité des ions dans le film. De plus, j'ai développé une méthode 
expérimentale qui permet l'application du modèle analytique et conduit à une estimation 
simple de la mobilité de différents ions dans les polymères conducteurs. Le PEDOT : PSS offre 
un transport efficace pour les ions les plus communs, qui peut être mis en relation avec le 
gonflement important du film dans l'eau. De plus, je montre que la réticulation du film diminue 
son gonflement ainsi que la mobilité des ions. Comprendre la forte corrélation entre 
l'hydratation et la conductivité ionique nous permet alors de développer des matériaux à 
mobilité ionique définie et importante.  A titre d'exemple, le réglage de la mobilité ionique du 
PEDOT:TOS est présenté en ajustant le rapport relatif de la phase hygroscopique. Pour finir, j'ai 
effectué des mesures de spectroscopie d'impédance électrochimique au cours d'une 
expérience de «moving front», afin de proposer une interprétation physique des spectres 
d'impédance mesurés à une jonction polymère conducteur /électrolyte.  
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Chapter 1 
 
 
 
1. Introduction 
 
In this chapter I give an overview of the theory and background necessary for understanding the 
scientific achievements of this thesis.  It is not meant to be an extensive review of the literature, 
but more of an introduction on the basic concepts met up in the experimental work in order to 
put the scientific results into context. The thesis deals with ion transport in conducting polymers, 
materials that have found application in organic electronics and more recently in organic 
bioelectronics. Conducting polymers conduct both electronic and ionic carriers and a variety of 
devices utilize this key property. Although electronic transport has been widely studied and 
advanced theories have been developed, a fundamental description of ion transport is missing. I 
begin with an overview of electronic properties of conducting polymers and charge transport 
theories, as well as experimental techniques for measuring electronic mobility.  I present a 
physicochemical description of ion conduction in liquid electrolytes followed by an overview of 
ion transport in polymer electrolytes. Then a presentation of a promising method for studying 
ion transport in conducting polymers that has a major role in this thesis is given. Finally I present 
devices that are based on the mixed conductivity of conducting polymers with focus on 
bioelectronics. 
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1.1 Conducting polymers 
Conducting polymers have unique characteristics, combining electronic properties of 
semiconductors and metals and mechanical properties of polymers. They were discovered in 
1976 by Alan MacDiarmid, Hideki Shirakawa and Alan J. Heeger with the enhancement of 
conductivity of polyacetylene by seven orders of magnitude after doping with iodine [1.1, 1.2]. 
In 2000 they were awarded the Nobel Prize in Chemistry. Their discovery followed synthesis of 
numerous materials such as polypyrrole, polyaniline, polythiophene and their derivatives. Great 
research has been done in tuning their properties during synthesis, characterization and 
processing as well as understanding the fundamental mechanisms of their properties [1.3, 1.4]. 
During the 1980s organic electronic materials have found application in electrophotography 
[1.5]. Ten years later efficient electroluminescence was observed and the first organic light 
emitting diode was fabricated opening the era of Organic Electronics [1.6, 1.7]. Afterwards 
organic thin film transistors and organic photovoltaics were developed. OLED, OTFT and OPVs 
consist the “big three” of Organic Electronics and their development became the subject of 
intense research during the 1990s. Today OLEDs have the most matured technology with 
products already in the market from Sony and Samsung. Although research still goes on in these 
three applications, especially in optimization of OPVs a new trend has emerged, the interface of 
organic electronics with biology [1.8, 1.9]. Conducting polymers are ideal materials for 
interfacing with cells due to their soft nature. Their mechanical properties are compatible with 
tissue and their ability to conduct ions in addition to electrons and holes opens up a new 
communication channel with biological units due to the importance of ion fluxes in biological 
systems. In addition van der Waals bonding allows good interfacing with electrolytes without 
dangling bonds or oxides [1.8].  The term of Organic Bioelectronics was introduced by Berggren 
and Ricther-Dahlfors in their seminal review [1.8] and describes the coupling of organic 
electronic (and optoelectronic) devices with objects from the biological world, a coupling that 
works in two directions (figure 1.1[1.9]). Recent trends in the field of organic bioelectronics are 
presented in the review of Owens and Malliaras [1.9]. Numerous application of conducting 
polymers in organic bioelectronics have been reported including: biosensors (glucose sensing 
[1.10, 1.11], multianalyte sensing [1.12], barrier tissue integrity [1.13] based on Organic 
Electrochemical Transistrors (OECTs) [1.14]), biofuctionilized and biodoped polymers for tissue 
engineering [1.15, 1.16], smart Petri dish for promoting or prohibiting cell adhesion [1.17], 
electrically stimulated cell growth on conducting polymers surfaces [1.18, 1.19], devices for 
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establishing controllable cell density gradients that will lead to development of 3D 
electroresponsive scaffold [1.20-1.23], ion pumps for controlled release of biochemicals [1.24, 
1.25], tools for neuroscience; microelectrodes coated with conducting polymers for recording 
and stimulating neurons and neural networks in vivo [1.25-1.29], a conformable electrode 
[1.30] and OECT [1.31] array with conducting polymer as active material for in vivo recording of 
brain activity. 
 
Figure 1.1: A cartoon showing the scope of organic bioelectronics. Biological moieties, including cells, 
micro-organisms, proteins, oligonucleotides, and small molecules, can be interfaced with organic 
electronic devices to yield biosensors, medical diagnostics, tools for biomedical research, and 
bioelectronic implants that will have a major impact in health care. [1.9] 
 
1.2 Electronic Properties of Conducting Polymers 
The electronic properties of conducting polymers arise from their bonding 
configuration. Carbon is the main atom in the backbone of the polymer chain. Carbon has four 
valence electrons with 2s2p electron configuration. When two carbon atoms are bound their 
valence electrons form molecular orbitals. In a conducting polymer chain we have sp
2
2pz 
hybridization. That means that each carbon has three sp
2
 orbitals in plane to form covalent 
bonds while the pz electron is unpaired and the orbital is perpendicular to the plane [1.32]. In 
order to have a more comprehensive picture let us take the classic example of polyacetylene, 
the simplest representative of conducting polymers. In polyacetylene each carbon atom forms 
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three covalent σ bonds through sp
2
 orbitals with two neighboring carbon atoms and one 
hydrogen and one π bond from overlapping of the non-hybridized pz orbitals of adjacent atoms. 
By increasing the number of the atoms in the polymer chain the overlapping of pz orbitals 
extends, therefore instead of having discrete energy levels we have the formation of a band. 
One would expect that since we have N atoms with N pz electrons and each state can be 
occupied by two electrons of different spins the π band would be half filled and polyacetylene 
would be a 1D metal [1.32]. In reality this structure is not stable energetically and as Peierls 
predicts in its distortion theorem [1.33] we have dimerization (the unit cell now has two carbon 
atoms) that leads to the alternation of the single double bond of the π band [1.34]. 
Consequently the band splits in π and π* band resulting the formation of the band gap. The π 
band can take Ν electrons thus is full filled like the valence band while the π* is empty like the 
conduction band in inorganic semiconductors. In molecular orbitals terminology the valence 
band corresponds to the HOMO (Highest Occupied Molecular Orbital) and the conduction band 
to the LUMO (Lowest Unoccupied Molecular Orbital) [1.35]. The alternation of the single 
double bond is called conjugation and conducting polymers are also called conjugated 
polymers. Therefore conjugated polymers if they are not doped they have semiconducting 
properties. The band gap depends upon the molecular structure of the repeat unit thus design 
in molecular level can tune the band gap of the material.  
 
Figure 1.2: Relationship between the energy levels of ethylene, butadiene, hexatriene, octatetraene and 
polyacetylene around Fermi level, illustrating the buildup of the polymer’s electronic structure. Bold line 
represents the π orbitals and dashed line the σ orbitals. [1.32] 
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1.2.1 Doping  
In order to enhance the conductivity of organic semiconductor and achieve even 
metallic properties, the material needs to be doped. In organic semiconductors doping process 
is different than in inorganic semiconductors. In inorganic semiconductors the doping is 
achieved by substitution of an atom of the lattice with an impurity-atom that has a different 
number of valence electrons. The dopant atom can be donor (for n-type doping) or acceptor of 
an electron (p-type doping). Only few ppm of dopant atoms are enough to sufficiently increase 
the conductivity of the inorganic semiconductor [1.36]. Usually the dopant atoms are 
introduced to the structure by ion implantation. In organic semiconductor the doping changes 
the physical structure of the material. It does not substitute an atom of the semiconductor but 
is introduced as a separate unit that forms an ionic complex due to exchange of electrons with 
the organic semiconductor. In this way a positive or negative charge is created and this charge 
is counter balanced by the oppositely charged dopant [1.37]. In the following section the 
different kinds of charge carriers in organic materials will be discussed.  A large amount of 
dopant is required in order to enhance the conductivity of organic semiconductors (more that 
10%). The amount of dopant introduced in the material defines its conductivity but there is no 
straightforward relationship between them. A physical description of the doping process 
therefore remains challenging [1.38]. In addition, in organic semiconductors the dopant can be 
mobile.  Most conjugated polymers can be doped efficiently p type while n type doping can be 
destructive. Dopants for conducting polymers can be ions, charged small molecules or 
polyelectrolytes. The dopant can be introduced during synthesis, during electrochemical 
switching or by diffusion. PEDOT, a conducting polymer of prime interest in this thesis, is a 
derivative of polythiophene and is mainly doped by polystyrene sulfonate (PSS), a polyanion or 
tosylate (TOS), a small molecule [1.39]. In Fig. 1.3 the structure of PEDOT:PSS is shown. The 
sulfonate group in the PSS chain takes one electron from the PEDOT backbone creating a 
positive charge. The charge is not localized in one monomer but extends over few monomers 
creating the polaron. Under application of voltage the polaron moves along the backbone while 
the charged sulfonate group remains immobile.   
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Figure 1.3: PEDOT:PSS structure, showing the formation of a polaron (red) on PEDOT backbone, that is 
compensated by a negative sulfonate group (blue) on the PSS chain. 
 
1.2.2 Charge carriers  
Doping of conducting polymers introduces charge carriers. The charge bearing species 
are not free electrons and holes but quasi-particles, coupled charge-lattice deformation entities 
as a result of the soft nature of organic semiconductors. Conducting polymers can be 
considered as quasi one dimensional since along the chain we have a strong covalent bonding 
while interactions between different chains are of Van der Wall type. The charged species are 
self-localized, the presence of electronic charge leads to local changes in the atomic geometry 
(the lattice) which in turn leads to localized changes in the electronic structure [1.40]. 
Associated with charge carriers are localized electronic states with energy levels that arise in 
the band gap. We can divide conducting polymers to two major categories, the ones with a 
degenerated ground state and the ones with a non degenerated ground state [1.35,1.37]. 
Trans-polyacetylene has a degenerated ground state, that means that two geometric structures 
that correspond to the ground state have exactly the same energy. The two structures differ 
from one another from exchange of the single double bond alternation. For these systems the 
charge carrier is a soliton. If we remove one charge from the chain then a boundary between 
the two structures is formed that represents a neutral soliton with spin ½. It’s name comes 
from solid state physics where the soliton is the quasi particle of a solitary wave that can 
propagate without dissipation or deformation [1.36]. The soliton is not localized in one 
monomer but expands over several carbons. If we remove two electrons from the backbone 
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then we have the formation of a spin-less positive soliton. While in the case of two negative 
charges we have the formation of the negative soliton [1.37].  
 
Figure 1.4: (a) Bond alternation defect on trans-polyacetylene. Note that A and B phases are 
degenerated. (b) Neutral and charged mid-gap soliton levels [1.37] 
Unlike trans-PA most of conducting polymers, polithiophene, polyaniline, polypyrrole 
and derivatives have a non-degenerate ground state that corresponds to a single geometric 
structure, the aromatic structure. Regarding the ground state the aromatic structure is 
energetically favorable than the quinoid structure. In these systems the charges are polarons 
and bipolarons. If we remove an electron from the system then we have the formation of a 
polaron that delocalizes in a number of monomers resulting a change in the structure from 
aromatic to quinoid because the ionized quinoid structure has lower energy (Fig. 1.5a). The 
polaron is the complex of the charge with the deformation of the lattice. If we remove two 
electrons then we will have the formation of a bipolaron instead of two independent polarons 
since it is energetically favored (Fig. 1.5b). The bipolaron has no spin and is doubly charged. Due 
to the charges we will have the formation of states in the band gap. By increasing the number 
of charges with doping we have the formation of the polaronic band in the band gap. In low 
doping levels spin is observed from Electron Spin Resonance signals suggesting the formation of 
polarons, while in high doping levels no spin is observed suggesting the formation of bipolarons 
[1.41].  
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Figure 1.5: Formation of polaron (a) and bipolaron (b) in PEDOT chain after the removal of one and two 
electrons respectively. The formation of the bipolaron instead of two independent polarons is 
energetically favored. 
In highly doped conducting polymers the properties resemble more a metallic behavior. 
This can be understood in the scheme of degenerated doped system where the broadening of 
the bipolaron states in the band gap upon increasing dopant concentration eventually leads to 
the merging of the lower and upper bipolaron bands with the VB and CB respectively. This 
results in a new unfilled VB with the Fermi level below the edge of the band and a metallic 
behavior [1.32, 1.34, 1.35,1.37, 1.41].  
1.2.3 Electrochromism 
The optical properties of materials are defined by their electronic structure, with the 
band gap determining the intrinsic optical properties, transition from π to π* band. Doping the 
materials changes the electronic structure with extra states that appear in the band gap, thus 
electronic transitions in lower energies are allowed, and the absorption is shifted in higher 
wavelengths. Since conducting polymers have their band gap in the visible range of the 
spectrum (1-3eV) when doped it will be shifted towards IR. The absorption spectrum is the 
signature of the color of the material, thus the same material in different doping states appears 
with different color. This is described as the electrochromic phenomenon. Conducting polymers 
offer an advantage over other materials due to their high degree of color tailorability. Through 
structural modification the band gap can be tuned yielding color changes of both doped and 
undoped form. In Fig. 1.6 the absorption spectrum of PEDOT is shown for different doping 
states, during electrochemical switching. The polymer film is deposited on an electrode and is 
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mounted in an electrochemical cell. The doping state of the material changes by applying 
voltage to the film and injecting/extracting holes while ions are exchanged from the electrolyte 
in order to preserve electroneutrality in the film. The color of PEDOT is dark blue in the 
undoped state (reduced state) while it turns to light semitransparent blue when in its doped 
state (oxidized state). The bandgap is around 1.6-1.7 eV and in its undoped state it has a broad 
absorption peak at λmax 600 nm. As the material is getting doped the absorption peak 
becomes less and less strong and absorption is observed in higher wavelengths in the NIR and 
IR range of the spectrum [1.42, 1.43]. Electrochromism of PEDOT was examined extensively by 
Inganas et al. in the frame of ion transport [1.44, 1.45]. Studying the absorption spectra during 
switching of the polymer in a solid state electrochemical cell, they find out very fast switching 
time from fully colored state to fully bleached state in 4s and stability upon repeated switching. 
They argued that is due to fast ion transport from the electrolyte to the polymer matrix during 
reduction and from the polymer to the electrolyte during oxidation. Although they were not 
able to have a Raman signal for the cation movement due to high Raman signal of the polymer 
they excluded all the other mechanisms. The idea that PSS is moving during the switching 
process seemed likely impossible due to its polymeric nature that would exclude fast switching 
times. Also the fact that the cyclic voltammetry is identical in repeated cycles suggested that 
the switching is due to cation movement [1.43]. In a consequent work they performed fast 
optical spectroscopy in PEDOT with detectors along the film. The time resolution was in the 
order of a second. The transmitted intensity of a laser with a wavelength close to the band gap, 
was recorded as a function of time and position after the application of voltage for changing 
the doping state of the material [1.45]. 
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Figure 1.6: Absorbance spectrum of PEDOT in different doping states. The change is the absorption is due 
to extra states that appear in the band gap. Adapted from [1.42] 
1.2.4 Charge Transport in 3D 
Until now we considered the one dimensional transport in a single polymer chain. 
When increasing the degrees of freedom from 1D to 3D unlike inorganic semiconductors we 
don’t have the formation of a well ordered crystal structure but we have a disorder system due 
to chemical and physical defects. In disordered materials, charge carriers are localized on 
molecular sites (molecules or polymer segments) due to the presence of energetic and 
positional disorder. Charge transport occurs by hopping from one site to the other and is 
thermally activated.  
To describe charge carrier transport in 3D Bassler introduced the Gaussian distribution 
of density of states arising from the statistics that govern the orientation of the transport sites 
(adjacent molecules or polymer segments) [1.46]. The disorder can be positional and energetic. 
Charge carriers are localized in molecular sites (molecules or polymer segments) and charge 
transport is realized between localized states by thermally assisted hopping. Although many 
models have been proposed for energetic and positional disorder the one of Bassler and co-
workers is the most comprehensive one [1.47]. The Gaussian distribution argument is 
supported by the inhomogenously broadened features in the absorption profiles of polymers 
and organic glasses. The hopping sites can be considered completely localized since between 
them they are coupled by weak Van der Wall bonding. Therefore the distribution of energy 
states takes a Gaussian profile since it depends on a large number of configuration coordinates. 
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In an energy matrix the energies appear on the diagonal therefore energetic disorder is often 
called diagonal disorder. The origin of energetic disorder is the fluctuation of the lattice 
polarization or the distribution of segment lengths on the π bonded polymer chain. Off diagonal 
disorder describes positional disorder thus fluctuations of inter-site distances. The basic 
assumptions of the formalism are 
• Distributions of site energies and distances are Gaussian. 
• The hopping rates can be described by Miller-Abrahams formalism originally proposed 
to describe low temperature impurity hopping in semiconductors. 
• The electron phonon coupling is sufficiently weak for polaronic effects but strong 
enough for coupling to the heat bath. 
• The process is incoherent characterized by the loss of phase memory after jump. 
 
There are no analytical solutions for the Gaussian DOS, therefore predictions of the 
disorder formalism have been largely developed by Monte Carlo (MC) simulations. MC 
simulations can be considered as an ideal experiment where the test sample can have any 
degree of disorder. It gives the opportunity to determine which level of sophistication is 
required to produce the properties of the real world samples and by comparison with theory, 
to check the validity of approximations in analytical treatments that are based on physical 
properties. The dependence of mobility in system with Gaussian disorder was studied as a 
function of temperature and electric filed. The temperature dependence follows a non 
Arrhenius dependence like thermally assisted hopping would suggest but a dependence of  
~exp	(−	
) where 
 ≡ 
 ⁄  and 
 the width of the Gaussian. In practice is difficult to 
define the dependence due to the relatively small range of temperatures. The mobility 
increases with field in high fields as ~exp	(√) a Poole –Frenkel relation, although when 
positional disorder is dominant the mobility can decrease with increasing field. 
 One parameter that was overlooked in charge transport theories of disorder systems 
was the charge carrier density. Experiments on Light Emitting Diodes (LEDs) and Field Effect 
Transistors (FETs) with the same polymer as active material showed that mobility can differ up 
to three orders of magnitude between the two types of devices. This could only be explained by 
taking into account a strong dependence of mobility in charge carrier density. The exponential 
density of states which consistently described the field effect measurements where high charge 
carrier density existed have been shown to be a good approximation of the tail states of the 
Gaussian in the energy range where the Fermi was varied [1.48].  Pasveer et al developed a 
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model that takes into account the charge carrier density effect on mobility [1.49]. From a 
numerical solution of the master equation for hopping transport in a disorder system with a 
Gaussian density of states they determined the dependence of charge carrier mobility on 
temperature, carrier density and electric field.  They showed that the mobility dependents 
strongly on both, charge carrier density and electric field at low temperatures (low values of the 
reduced disorder parameter). The simulation data were fitted by an expression of mobility that 
is a product of two functions, one that depends on temperature and charge density and 
another that depends on temperature and electric field. 
 
(, , ) ≈ (, )	(, )        (1.1) 
 
Good agreement with experiment was observed in the whole range of charge density values. 
The impact of increasing the charge carrier density is to fill the tail states of the Gaussian 
distribution. Experimental current density/voltage curves suggests that one can take into 
account only the charge carrier dependence at room temperature while at low temperatures it 
is necessary to take into account the field dependence  as well [1.50]. However, it is hard 
experimentally to separate the influence of E and p on the charge carrier mobility, since more 
carriers will be injected at higher electric field. 
 
1.2.5 Charge carrier mobility  
Mobility is defined as the drift velocity of the carrier in the unit of electric field. It 
defines how efficiently a charge carrier moves from one transport site to the other without 
being trapped or scattered.  The mobility of the carrier is a key parameter for understanding 
transport phenomena since defining experimentally the dependence of mobility with internal 
and external parameters allows validation of theories of charge transport. Mobility depends on 
molecular packing, disorder, presence of impurities, electric field, temperature, charge carrier 
density and pressure [1.51]. In addition it gives a signature for the type of transport, time 
independent mobility suggests non dispersive transport while time dependent mobility  
dispersive transport [1.47]. There are several techniques for measuring mobilities in organic 
semiconductors such as: Time of Flight, CELIV, Field Effect Transistor Configuration and Diode 
Configuration. Below I will give an overview of the TOF and CELIV method.   
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1.2.5.1 Time of flight (TOF) 
The basic method for measuring electronic mobility in organic electronic materials is 
the Time of Flight. It was first described by Haynes and Shockley (1951) and Lawrance and 
Gibson (1952) and first applied in polymers by Vannikov (1967) [1.47]. The principle of the 
method relies on measuring the time for a sheet of carriers generated by a short light pulse to 
transit the sample of known thickness. A schematic of a typical set up is shown on Fig.1.7. 
 
Figure 1.7: Schematic of a TFO experimental set up. The film is sandwiched between two electrodes and 
the light pulse creates a sheet of carriers in the film. The transient of the carriers is monitored through 
the current. 
The sample, of typical thickness (L) 10-50μm thickness is sandwiched between two electrodes 
with one being transparent. Voltage is applied between the electrodes and a sheet of carriers 
(electron-hole pairs) is generated near the surface of one electrode by a short laser pulse. The 
wavelength of the laser should be chosen in order to be highly absorbed by the sample and to 
have an absorption depth much smaller than the thickness of the sample. Either electrons or 
holes are extracted immediately at the exposed electrode while the opposite carriers have to 
migrate across the sample to reach the other electrode. As the carries migrate across the 
sample a displacement current is generated that is detected on the external circuit. Ensuring 
that the time constant	 RC of the circuit is much smaller than the transit time the measured 
current will be proportional to the photocurrent due to carrier displacement. The transit time 
(ttr) of the carrier is defined as the time when the carriers exit the sample at the collecting 
electrode and sharp decrease of the current is observed. Assuming constant velocity  = "/$%& 
and linear potential drop  = '/" in the sample the mobility is given from relationship  
Light pulse
OSC
R
V
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 = ()%*+,       (1.2) 
In order to ensure that the field is not disrupted in the sample as the carries transit, a small 
amount of carriers should be generated comparing with the charge density of the sample. A 
sharp signal is obtained in the case of ordered materials while in disordered systems 
broadening of the signal occurs due to a distribution of transit times across the material. [1.46, 
1.47, 1.51]. 
1.2.5.2 CELIV 
Although TOF is the most common technique for measuring electronic carrier mobilities 
in organic electronic materials it has some limitations and it cannot be applied in highly 
conducting materials. In highly conducting materials where the number of equilibrium carriers 
is sufficient for significant redistribution of electric field within time shorter than transit time 
the generated pack of carriers disappears before its arrival to the opposite electrode. An 
alternative to TOF that can be applied to highly conducting materials is a technique called CELIV 
and has been developed by G. Juska, K. Arlauskas, and M. Viliunas in 1999 [1.52]. It was first 
applied in microcrystalline Si as a proof of concept but later it was used to study conjugated 
polymers [1.53]. The basic principle is the application of two consecutive pulses of linearly 
increasing voltage and follow current transients related to extraction of equilibrium carriers. 
The experimental set up is very simple and it consists of an oscilloscope, the sample and a 
function generator. The sample (few hundreds nm thickness) is sandwiched between two 
electrodes which one of them should be blocking. When the linearly increasing voltage is 
applied equilibrium carriers are extracted without injection since one of the electrode is 
blocking. The extracted charge is equal to the difference of these two transients for sufficiently 
small delay between the pulses. Increase of the delay between the pulses allows the study of 
the recovery of equilibrium. The second pulse is also important for identification of non-ideal 
conditions (for example, no perfectly blocking contact). The extraction current is calculated 
based on the continuity, current and Poisson’s equations. With the application of the voltage 
the current starts increasing from a non zero value. This initial step, j0, is due to the geometrical 
capacity of the sample. The extraction current ∆. = .% − ./ is caused by the conductivity of the 
sample and the bulk conductivity can be estimated, without interference from the contact 
barriers according to 
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 = 0	1	12∆3	%456	32      (1.3) 
From the time to reach maximum current tmax the mobility of equilibrium carriers can be 
extracted by the equation (1.4) 
 = 7)08%456) 9:;/.0=	∆>>2?
           (1.4) 
Where d is the thickness of the sample, and A the cross section area. 
 
Figure 1.8:  Schematic illustration of the CELIV method. U is the applied voltage to the sample, j is the 
corresponding current transient. Full line (a) corresponds to ideal contact blocking and no recovery; 
dashed line (b) is calculated for partial equilibrium recovery. The inset illustrates schematically the band 
diagram of the typical device.[1.52] 
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1.3 Ion transport 
Ion transport has been extensively studied in liquid electrolytes in dilute and 
concentrated systems and in polyelectrolytes and especially ion exchange membranes. Below I 
will give an overview of the transport properties of these systems. 
 
1.3.1 Ion Transport in Solution  
Electrolytes are substances that have mobile ions and they are used as sources of ions. 
They can be liquids, gels and solids.  We have two types of liquid electrolytes, strong and weak. 
In strong electrolytes we have full ionization of the dissociated species, like in the case of ionic 
solids and strong acids. In weak electrolytes the species are not fully ionized in solution but the 
degree of ionization depends on the concentration of the electrolyte [1.54]. Ions in solution 
interact with water molecules, because of the interaction of the ionic charge with the electronic 
dipoles of the water molecules. Therefore each ion is surrounded by a number of oriented 
water molecules that define its hydration sphere. The water molecules in the vicinity of the 
hydration sphere are partially oriented forming the secondary hydration layer [1.53]. Debye 
and Huckel in 1923 gave a physical description of an electrolyte. Assuming one reference ion 
with a discreet charge, the water molecules are described as a continuum medium with 
dielectric constant of water and the rest of the ions as a continuum distribution of charge 
around the central ion due to coulomb interaction between the ions. The charge distribution 
has total charge equal and opposite to the charge of the reference ion. The charge distribution 
around the central ion defines the ionic atmosphere and depends on the concentration of the 
electrolyte. The charge distribution B varies with distance C according to equation (1.5) 
B& = DEFGH I F
JK+
&        (1.5) 
Where LM	is the valence of the ion, e is the electron charge and IN: is the Debye length that 
gives the thickness of the ionic atmosphere. It was found that the ionic atmosphere decreases 
with the square root of concentration. Ionic atmosphere is a measure of ion-ion interaction in 
the sense that when is much larger than the ionic radius then the ion can be considered as a 
point charge that does not interact with other ions, while if is in the same range with the ionic 
radius then there are strong ion-ion interactions. 
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Ions in solution are transported via three mechanisms: diffusion, drift and convection. If 
convection is negligible the transport of ions under the influence of a concentration gradient 
and an external electric field is given by Nernst-Plank equation  
. = .7MOO + .7&MO% = −Q∇c + T	∇U     (1.6) 
Where: 
j: flux (or current density), D: diffusion coefficient, c: concentration, e: electron charge, μ: 
mobility φ:	potential 
 
Convection is the transport of ions due to a flow of the electrolyte that is induced by 
external force for example by stirring the solution. Diffusion is described by Fick’s law where 
the flux is proportional to the concentration gradient. Ions tend to move towards the area with 
the lowest concentration in order to reduce the concentration gradient and bring the system to 
equilibrium.  
Drift occurs when an external field is applied. The Coulomb force will act on the ion and 
the ion will move in the direction of the electric field. The ion will accelerate but because of its 
speed a frictional force will act on it on the opposite direction. The frictional force is given by 
Stokes formula. When the two forces will be equal and opposite, the total force acting on the 
ion will be zero and the ion will continue its motion with a constant speed, the drift speed. In 
this case we assume that the ion is not interacting with other ions. The mobility of the ion is 
defined as the drift speed in the unit of the electric field. 
 
 = [\ = F=	H	]	^       (1.7) 
Where _ the radius of an ion and ` the viscosity of the electrolyte. 
From relationship (1.7) one would expect that ion mobility decreases with solution viscosity and 
ion size. This is true for bulky ions but not for small ions. The mobilities of alkali metals increase 
from Li
+
 to Cs
+
 even though the ionic radius increases [1.54]. This is due to the smaller 
hydrodynamic radius, ion drags along fewer water molecules. Small ions give rise to higher 
electric field due to their small radius and therefore are more extensively solvated than bigger 
ones. There is a balance between size and electric field of ion. Proton shows higher mobilities 
not only due to its small size but because it moves with two type of mechanisms the 
conventional and the Grotthuss mechanism. According to the latter the proton “hops” between 
  
18 
 
water molecules with an on ongoing exchange of covalent and hydrogen bonds between O and 
H atoms, leading to a net displacement of the positive charge. 
The conductivity of electrolyte (σ) can be defined from the resistance of the solution 
and the geometrical configuration. Usually the term molar conductivity (Λm) is used in order to 
describe the conductivity of a molar of a substance.  
Λc = de       (1.8) 
One would expect that molar conductivity would be independent of concentration (c) of the 
electrolyte, therefore the parameterization with this quantity. This is not the case meaning that 
the number of entities is not proportional to the concentration of electrolyte. In weak 
electrolytes this is due to non-complete ionization of all the entities. In strong electrolytes 
where all the entities are ionized this is due to strong ion-ion interaction, as the Debye-Huckel 
theory predicts. Before the development of the Debye-Huckel theory, in the beginning of 19
th
 
century, Friedrich Kahlraush showed that in low molar concentration the molar conductivities 
of strong electrolytes vary linearly with the square root of concentration. This is called 
Kohlrausch’law and is described by equation 
Λc = Λc/ − Κ√	     (1.9) 
Where Λc/  is the limiting molar conductivity, thus the molar conductivity at zero concentration; 
the contant K is found to depend more on the stoichiometry than the type of ion.  
The conductivity of an electrolyte is due to both negative and positive ions. In the limit of 
infinite dilution  Kohlrausch  establish the law of independent migration of ions that is 
Λc/ = h;i; + hNiN      (1.10) 
where one can assume that ions migrate independently and where ionic conductivities i can be 
determined, j is the stoichiometry of negative and positivies ions. 
One can define the ionic mobility through the ionic molar conductivity using the relationship 
 = kDl       (1.11) 
Where z: valence of ion, F: Faraday constant 
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Which can be reduced to the relationship used for electronic conductors 
 = kDl =
d e⁄
DFop =
d
Fq      (1.12) 
Where NA: Avogadro number, n: charge density 
Therefore for an electrolyte the molar conductivity relates with mobility as below  
Λc/ = (h;L;; + hNLNN)t      (1.13) 
In order to define the ionic conductivity from the molar conductivity of an electrolyte the 
transport number (t) of the ion for that certain electrolyte should be known. The transport 
number is defined as the ratio of the current of the specific ion u±, divided by the total current 
I. 
$± = x±x       (1.14) 
The most common method of defining transport number is the moving boundary method 
where the motion of a boundary between two ionic solutions having a common ion is observed 
[1.54, 1.55]. 
 
 
 
 
1.3.2 Ion Transport in Polyelectrolytes 
Polymer electrolytes include electrolytes where one type of charges are bound in a 
polymer chain and the other type compensates them in the form of counter ions. 
Polyelectrolytes can be polyanions like polystyrene sulfonate (PSS) and polycations like 
polyamine (PMA). The structures are shown in Fig. 1.9. 
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Figure 1.9: Structure of common polyelectrolytes, polyanion Sodium Polystyrene sulfonate (NaPSS) and 
polycation  Poly(diallyldimethylammonium chloride) (PDSA) 
When a polar solvent is added complete dissociation of the counter ions occur and the 
electrolytes supports ion transport. Due to their polymeric nature they form a viscous solution 
in high concentrations. 
 Ion transport has been extensively studied in the polyelectrolyte Nafion, perfluorinated 
sulfonic acid, Fig1.11a, that was discovered by Walther Grot of DuPont in the late 1960s. Nafion 
type electrolytes are also called ion exchange membranes due to the fact that they form a 
membrane when solvent is added to dissociate the ionic groups. Polyelectrolyte membranes 
have a characteristic high selectivity when in contact with an electrolyte solution, they absorb 
solvent molecules and counter ions (cations for polyanions and anions for polycations) but 
exclude the co-ions (anions and cations respectively) due to repulsive forces between them and 
the charged groups in the polymer chain. This is called the Donnan exclusion principle. The 
selectivity is higher in low concentration electrolytes. Our understanding on the microstructure 
of Nafion is based on the work done by Gierke and Hsu in early 1980s [1.56]. The membrane is 
formed due to hydrophobic character of the fluorocarbon backbone and the hydrophilic 
character of the ion exchange sites. Thus an inverted micellar structure is realized that results in 
the formation of pores that are connected with narrower channels. When the membrane is dry 
the average pore size is 1.8nm with 26 SO3
-
 groups distributed in the inner surface. While when 
it’s swollen the pore diameter is 4nm and the SO3
-
 groups are around 70. The connecting 
channels have an average size of 1nm. They also proposed the percolation theory for 
correlation of conductivity and water content [1.57]. According to this theory there is critical 
water content in the membrane below which ion transport is extremely low due to the absence 
of extended pathways. Okada et al. showed that 50% of water molecules where associated with 
SO3
-
 primary level of hydration or protons and 50% is semifree in pores [1.58]. A modified 
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model for the microstructure is the random network model where we have formation of 
random porous network due to the clustering of the side chains that end in the pendant 
sulfonic acid group [1.59]. 
 
Figure 1.10: (a) Schematic view of the structure of Nafion as proposed by Gierke and Hsu [1.56], (b) 
schematic view of the modified cluster network model [1.59] 
Several approaches have been used to study the microstructure of Nafion, all of them 
based on the structure proposed by Gierke and Hsu [1.60].  These include: structural 
measurements, SAXS-Small Angle X-Ray Scattering, SANS-Small Angle Neutron Scattering [1.61-
1.64], water transport measurements [1.65,1.66], 2D diffraction patterns by direct Fourier 
synthesis [1.67], theoretical modeling based on Monte Carlo simulations for different hydration 
levels [1.68]. All the above resulted in a structure similar to the one proposed by Gierke and 
Hsu and can be summarized in the structure shown in Fig. 1.11 for an intermediated water 
context [1.69]. 
In Nafion the hydrophilic network is well connected with good percolation even at low 
hydration levels. A third phase is introduced that is the transition region between the 
hydrophilic and hydrophobic domain and consists of the side chains of Nafion. SAXS studies 
showed progressive side chain unfolding with increase of hydration [1.70, 1.71]. Electronic 
structure calculations have shown that only 2-3 water molecules per sulfonic acid group are 
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necessary for dissociation while when 6 water molecules are added separation of the 
dissociated proton is observed [1.72-1.74]. The hydrophilic domains therefore contain water 
molecules, protons that are mobile while anionic counter charge is immobilized. 
Concerning the transport mechanism the general picture is that most of the mobile 
protons are located in the center of the channel. Since the water in this area can be consider as 
bulk, the proton transport mechanisms are the same as in water. Slowing down of protons and 
water molecules with lower hydration levels is correlated to decreasing percolation in the 
hydrophilic domain. At highest degree of hydration the major proton mechanism is structure 
diffusion (Grotthuss mechanism). In more concentrated electrolytes the ratio of water 
molecules to protons is smaller thus the intermolecular proton transfer and structural diffusion 
is suppressed as seen in aqueous solutions [1.69].  
 
Figure 1.11: (a) Chemical structure of perfluorinated sulfonic acid, Nafion. (b)Two dimensional illustration 
of some microstructural features of Nafion for intermediate water content, adapted from [1.69]. (c) 
Zoom in the highlighted area of (b), showing the minimum energy conformation of two-side chain 
fragments of Nafion with six water molecules, showing the dissociation of both acidic protons, adapted 
from [1.74]. 
The physical characteristics of the membrane have been widely studied as well [1.60]. 
One characteristic of the membrane is the ion exchange capacity that is the amount of charge 
per gram that can hold. This is experimentally determined by titration. Typical values are 1-
  
23 
 
2mequiv/gram (1equiv=1 mole of singly charged particles) [1.75]. The water content of the 
membrane can be determined experimentally by weight gain in the membrane as a function of 
relative humidity. There seems to be an increase in water molecules in proximity of 100% RH 
(Relative Humidity) suggesting that a two stage hydration process exist, initially a distribution of 
water molecules in the membrane matrix followed by redistribution within individual 
microstructures [1.76]. Another useful parameter is the membrane void porosity that 
represents the volume of free solution within the membrane per unit volume of wet membrane 
and is also determined from the mass gain and the densities of dry membrane and electrolyte 
[1.77]. The fixed ion concentration (moles of sites/unit volume of wet membrane) can be 
calculated by the ion exchange capacity and volume increase [1.77]. The conductivity of the 
membrane can be determined by AC or electrochemical impedance spectroscopy [1.77]. Most 
of the conductivity studies are done as a function of relative humidity [1.76] since the amount 
of water molecules present is the most important factor for complete dissociation and 
transport of ions. From conductivity measurements and by determination of the concentration 
of species from the ion exchange capacity and the water uptake of the membrane the mobility 
can be determined [1.58, 1.78]. In addition diffusion coefficient of ions can be determined from 
diffusion permeability experiments [1.79]. The great advantage of pure ionic conductors like 
Nafion and other polyelectrolytes is that one type of carrier is present, making the analysis of 
experimental data and modelling much more easier. The extensive structural characterization 
of Nafion in combination with modeling and a variety of physical characterization gives a 
certain understanding of ion transport.  
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1.4. Moving Front Experiment: A Platform for studying ion transport 
in conducting polymers 
Ion transport has been extensively studied in the context of liquid and polymer 
electrolytes, using mostly conductivity and diffusion measurements. While these methods are 
suitable for studying transport in a material that contains only ionic carriers, their application in 
mixed conductors is challenging due to the simultaneous presence of electronic carriers. In 
recent years, a promising technique was developed that involves measurements of changes in 
the optical transmission of a film upon the injection of ions from an electrolyte. As organics are 
electrochromic, ion injection and the resulting change in electronic carrier density alter the 
optical absorption of the material. Transmission measurements can, therefore, be used to 
follow the dynamics of injection and transport of ions in a polymer film. Aoki et al. [1.80], 
Johansson et al. [1.81], and most recently Wang et al. [1.82, 1.83] have developed this 
technique, called the “moving front” measurement. The geometries used in these experiments 
were different, but were all 2D, meaning that ionic and electronic carriers moving in directions 
perpendicular to each other. Below I give an overview of this work and how the moving front 
experiment has evolved during the years. 
Koichi Aoki in 1992 [1.80] introduced the moving front experiment to study transport 
kinetics in polyaniline (PANI). The device geometry is shown in Fig. 1.12.  
 
Figure 1.12 : Experimental set up for the moving front experiment of Aoki et al. (a) PANI film on a PMMA 
substrate, (b) Pt plate, (c) H2SO4 solution, (d) counter electrode, (e) reference electrode, (f) microscope. 
The electropolymerized film (0.5mm x 5mm) was detached from the conducting substrate and 
mounted on a PMMA substrate. A Pt electrode was connected to the one side of the film that it 
was immerse in an electrolyte (H2SO4) with a counter and a reference electrode. When positive 
voltage was applied to the film in respect to the electrolyte, the film that was initially dedoped 
(reduced), was doped (oxidized) with a doping front initiating from the electrode and 
propagating along the film. The color of the film was becoming dark green. Using a microscope 
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on top of the electrochemical cell the propagation was monitored over time. They observed 
that the kinetics of the front depend on the applied voltage having a faster propagation with 
increasing potential. For voltage higher than 0.85V Vs SCE (Saturated Calomel Electrode) 
overoxidation was observed. The shape of the boundary was not always parallel on the edge 
complicating the analysis of the propagation kinetics. In addition the shaped varied with the 
type of the contact and from sample to sample. This possibly had to do with edge effects. The 
length of the conducting zone was proportional to time only at the very beginning and then 
slowed down. The results were discussed in terms of charge transfer rate where the 
propagation speed was treated as a rate constant of conversion and it was found equal to  5 10
-
5
 m/s. The speed was calculated using the electrochemical model of charge transfer (Butler-
Volmer and Tafel analysis). The formation of the boundary was discussed in terms of 
intramolecular interface or intermolecular interface. The latter would suggest a diffusive 
interface and not a sharp boundary indicating that intramolecular charge transfer is at least in 
the same order of magnitude as intermolecular. In this work although the idea of the moving 
front experiment and the use of electrchromism have been introduced there is no information 
obtained about ion transport, but the results are mainly discusses in in terms of anodic process, 
rate of oxidation of the film and electron transfer. 
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More than ten years of the initial work of Aoki and co workers, the group of Olle 
Inganas published a work on the moving front experiment applied on poly(3-hexylthiophene) 
P3HT [1.81]. In this work the film was not electropolymerized but solution processed. They used 
the term lateral electrochemistry to describe their lateral configuration. The device geometry is 
shown in Fig. 1.13. 
 
Figure 1.13: Experimental set up of the moving front experiment by Johansson at al. (a) Top and (b) side 
view. Typical dimension are: d (film thickness) 80 or 200nm, w (film width) 10-15 mm and xtot (total 
length of the film) 5-15 mm. The Pt working electrode has a width of 1mm.   
The polymer film is deposited on a glass substrate by spin casting after the pattering of a Pt 
electrode at the side. The sample was mounted in an electrochemical cell that allowed the 
recording of the moving front with a video camera. P3HT is a semiconductor but can reach high 
conductivities when p-doped. In this work they examined the doping of the polymer starting 
from the semiconducting state. When positive voltage is applied at the metal contact in respect 
with the electrolyte holes are injected from the Pt to the film and at the same time negative 
ions are injected in the film from the electrolyte in order to preserve electroneutrality. The film 
from its dedoped state with red color was doped and its color became blue. This is a two 
dimensional geometry. Ions and holes have different paths. Ions move perpendicular to the film 
while holes move parallel to the film. The position of the front was determined by the obtained 
images but with the subjectiveness of the experimentalist. They observed that the front was 
initiating without any delay with the mid part of the front slightly ahead of the edges. The front 
was not perfectly sharp between doped and dedoped area but the sharpness was more 
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prominent in higher voltages. Fig. 1.14 shows current density and front position as a function of 
time respectively. 
 
Figure 1.14: (a) Current density and (b) front position as a function of time for different applied 
potentials. The arrows indicate the time when the front reaches the end of the polymer film. 
They found a front speed proportional to t
-γ
 with γ (0.35-0.45) depending on the applied 
potential. The results were discussed in terms of lateral electrochemistry where the 
electrochemical model for charge transfer on the electrode was used to describe the current 
dependence on voltage. In this work again there is no clear identification of ion transport.  
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Wang et al introduced a new geometry in the moving front experiment, still two 
dimensional one [1.82, 1.83]. In this case the polymer film is polypyrrole doped with 
dodecylbenzenesulfonate (PPyDBS). The film was deposited on an electrode and covered by an 
ion barrier. Using photolithography a strip (0.3mm x 8mm) was patterned to ensure ion 
transport only from the sides (Fig. 1.15a.). 
 
Figure 1.15: (a) Device configuration that makes ion transport the rate limiting step during 
electrochemical switching of a conjugated polymer. The polymer is patterned into a long, narrow stripe 
over an electrode and is covered on the top side with a transparent ion-blocking layer. Ions enter and exit 
the polymer from the long edges. The color of the film varies with its oxidation level, which cannot 
change until charge-compensating ions arrive or leave. [1.83] (b) Intensity profiles at 30s intervals during 
the first ever reduction at -1V vs Ag/AgCl. The arrow indicates the direction of the front movement over 
time.[1.82] 
The fact that this is a bottom electrode configuration means that the path of electronic carriers 
is perpendicular to the film while ion’s path is parallel to the film and electrode. In this work 
they examined both dedoping (reduction) and doping (oxidation) of the film. The sample was 
mounted in an electrochemical cell with a counter and reference electrode. The film is in its 
doped state and when voltage is applied is being dedoped by extraction o holes and injection of 
cations in order to preserve electroneutrality. They assumed that the rate limiting process will 
be the transport of cations in the film since holes have a much shorter path to traverse, (hole 
path 300-400nm, ion path=0.3mm). The color of the film changes from dark red to transparent. 
In this work the term of ion mobility is discussed showing the possibility of the moving front 
experiment to extract useful quantities that will help in the development of ion transport 
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theories in conducting polymers. Nevertheless the two dimensionality does not allow a 
straightforward estimation of the field in the film and thus extraction of parameters like 
mobility. Doping and dedoping was studied in the first cycle as well as in sequential cycles, as 
function of potential and as a function of the initial doped state of the polymer. In was 
observed that the front at the first cycle was sharp and it was moving with a velocity of 1μm/s 
[Fig. 1.15.b]. In later cycles more rapid movement was observed but the front was more 
diffusive but still parallel to the edge. This is attributed to the opening of the polymer matrix 
due to conformational changes of the polymer chains and due to hydration of the film. The 
speed of the front varied with time between linear and √$ dependence. The dependence of the 
speed of the front to the applied voltage is discussed as an indication that ions move in the film 
under the influence of electric field, drift and not solely due to diffusion. They also studied the 
doping process, where holes are injected and cations are extracted in order to preserve charge 
neutrality. They observed fast expulsion of cations from the edges but in the mid area of the 
film the color changes homogenously thus the determination of the front position was not 
straightforward. Therefore no ion velocity could be determined. In this geometry during the 
reduction, the extraction of holes changes over time since the whole film is getting reduced 
thus the hole mobility changes. Although in this work they correlate the color change with ion 
movement and not with electron transfer as in the previous works, the two dimensionality of 
the experiment couples ion and hole transport and makes the analysis fairly complex.  
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1.5 Organic electronic devices that are based on mixed conductivity of 
conducting polymers: focus on bioelectronics 
The need of understanding ion transport in conducting polymers emerges from the 
numerous applications that are based on the mixed conductivity of conducting polymers. Many 
organic electronic devices for energy harvesting, storage, information display, sensing and 
actuation rely on mixed (electronic and ionic) transport within a single organic layer. In 
electrochromic displays, for example, ions injected from an electrolyte change the color of a 
polymer film. The dimensional changes that arise from ion injection are used to build 
mechanical actuators (artificial muscles). Ion redistribution within a film facilitates electronic 
charge injection from metal electrodes, an effect utilized to achieve efficient 
electroluminescence in light emitting electrochemical cells. Finally, ion diffusion across an 
interface is used to control the energetics of the heterojunction, thus forming diodes. Mixed 
electronic/ionic conductivity is of particular importance for devices that interface electronics 
with biology, a subject that is currently attracting a great deal of attention. One example is the 
organic electrochemical transistor (OECT), in which ions from an electrolyte enter a polymer 
film and change its electronic conductivity. This results in ionic-to-electronic signal 
transduction, and has found several applications in biosensors. A second example is the organic 
electronic ion pump (OEIP), in which an electronic current in a conducting polymer film controls 
the delivery of ions into an aqueous solution. These devices have been used in vivo for drug 
delivery with unparalleled spatiotemporal resolution.  
1.5.1 Organic electrochemical transistor (OECT) 
The Organic Electrochemical Transistor is a three terminal device where the active layer 
of the device is a conducting polymer in contact with an electrolyte. It was first presented by 
White et al in 1984 [1.84] where the conductivity of a polypyrrole film was modulated by the 
application of a gate voltage through an electrolyte. The vast majority of OECTs developed 
today are based on poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate) 
(PEDOT:PSS). Usually a Ag/AgCl electrode is used as the gate and is immersed in the electrolyte. 
Source and drain electrodes measure the current that flows through the channel (source-drain 
current, ID). Our current understanding of the mechanism of operation is the following: When a 
positive bias is applied at the gate, cations from the electrolyte enter the PEDOT:PSS film and 
compensate the pendant sulfonate anions on the PSS. This leads to a decrease of the hole 
density in the PEDOT, as holes extracted at the drain are not re-injected at the source. The end 
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result is the decrease of the drain current. Therefore it can be considered as ion to electron 
converter since an ionic current modulates the electronic current at the channel [1.14]. 
Recently we presented OECT with high transconductance yc[1.85], which is the main transistor 
parameter that governs signal amplification. Transconductance is defined as the ratio of the 
change in the drain current ∆uz divided by the change in the gate voltage ∆'{,  yc =
∆uz ∆'{⁄ 	. The high values of yc that we observed in OECTs are attributed to a volume effect. 
The absence of a dielectric between channel and electrolyte in OECT allows ions to be injected 
into the former and gives rise to a response that is determined by the volume of the channel. 
This is in contrast to electrolyte-gated field-effect transistors, where accumulation of charge at 
the interface between electrolyte and gate insulator (or semiconducting channel) determines 
the response. As expected, the transistor performance can be tuned by adjusting the channel 
volume. Making the channel thinner, for example, can lead to faster response, as dedoping it 
requires a smaller number of ions. At the same time, the drain current (hence its modulation 
upon gating) decreases, leading to a lower transconductance. These devices hold considerable 
promise for technologies such as medical diagnostics and bioelectronics implants due to 
improved biological and mechanical compatibility with tissue compared with traditional ‘hard’ 
electronic materials [1.8, 1.9]. OECTs have recently been employed in chemical and biological 
sensing [1.86], and have also been interfaced with cells to control cell adhesion [1.20], and to 
monitor cell viability [1.87] and barrier tissue integrity [1.13]. OECTs have been fabricated using 
low-cost printing techniques [1.88], and integrated with natural [1.89] and synthetic fibers [1.90] 
in powerful demonstrations of the unique form factors that can be achieved with these devices. 
In addition, OECTs utilizing solid or gel electrolytes have widened the scope of application[1.91], 
showing promise as printable logic circuits [1.92], and drivers for haptic sensors [1.93] and flat 
panel display pixels[1.94]. 
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Figure 1.16: (a) Schematic of an OECT cross-section and the wiring diagram for device operation. (b) 
Optical micrograph of an individual transistor. Scale bar, 10 μm. Adapted from [1.85]. 
 
1.5.2 Ion pump 
Ion pump is another example that utilizes the mixed conductivity of organic electronic 
materials. It is a device where electronic current controls the delivery of ions [1.24]. A simple 
geometry of an ion pump is shown in Fig. 1.17a. The device consists of two electrodes the 
anode and the cathode that are made of PEDOT:PSS. The electrodes are link between an area 
where PEDOT:PSS is overoxidized, hence it can transport only ions. The anode is in contact with 
the source electrolyte while the cathode is in contact with the target electrolyte. The 
electrolyte is insulated from the bridge and from an area on the electrode that will serve as a 
connection to the external circuit. Applying positive voltage to the anode in respect with the 
cathode, anode is getting oxidized and positive ions from the source electrolyte are pushed 
through the anode to the bridge and end up at the source electrode where they cause 
reduction and finally are released in the target electrolyte. The oxidation of the anode 
electrode defines the maximum time of operation as PEDOT can reach a certain level of 
oxidation before it overoxidizes irreversibly. The device can be fabricated using standard 
microfabrication techniques. Spatial control can be realized through the pattering while 
temporal control though the applied voltage and exact correlation between the addressing 
signal and the delivery rate has been reported [1.95]. It can deliver not only ions but charged 
biomolecules as well such as neurotransmitters. It has been used in order to regulate ion 
signaling in individual neuronal cells. The ion pump has been fabricated in an encapsulated 
device as well and tested in vivo and in vitro [1.24,1.25]. In vivo it was implanted in the auditory 
system of a guinea pig and the ability to translate electronic addressing signals into brainstream 
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responses though neurotransmitter signaling was shown [1.25]. This can be extended into 
implantable drug delivery systems for therapeutics or stimulation. 
 
Figure 1.17: (a) Side view of the planar ion pump. The black arrow indicates the flow of charged 
neurotransmitters from the source electrolyte, S, through the anode, then through the over-oxidized 
channel and finally out into the target electrolyte, T, through the cathode. Layer thicknesses are 
indicated in the material legend. (b) Photograph of the device mounted on the round window membrane 
of the cochlea, with the two ion channels visible as dark blue strips on the transparent substrate. The 
dashed lines indicate the obscured shape of the device leading back to the electrolyte reservoirs, seen in 
the upper left of the image. (c) Illustration of the experimental scheme. The dotted line indicates a slice 
through the cochlea, expanded below. The grey arrow indicates the diffusion of ions through the RWM, 
scala tympani and finally to the hair cells. Adapted from [1.25] 
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Chapter 2 
 
 
 
2. A simple model for ion injection and 
transport in conducting polymers 
This chapter deals with the development of a simple analytical model that describes ion 
transport in a planar junction between an electrolyte and a conducting polymer film. When ions 
are injected in the film, holes recede, leading to partial dedoping of the film. This is modeled by 
two resistors in series, an ionic one for the dedoped part and an electronic one for the still-
doped part. Analytical predictions can be made for the temporal evolution of the drift length of 
ions and the current, variables that could be assessed experimentally. A numerical model based 
on forward time iteration of drift/diffusion equations is used to validate these predictions. Using 
realistic materials parameters, I found that the analytical model can be used to obtain the ion 
drift mobility in the film, and as such, it might be useful towards the development of structure 
vs. ion transport properties relationships in this important class of electronic materials. 
This chapter is based closely on previously published work: “A Simple Model for Ion Injection and 
Transport in Conducting Polymers”, E. Stavrinidou, P. Leleux, H. Rajaona, M. Fiocchi, S. Sanaur, 
and G. G. Malliaras, J. Appl. Phys. 113, 244501 (2013); doi: 10.1063/1.4812236 
Contribution: Developed the analytical model with G.G.M., helped on the development of the 
algorithm, run all simulations and all data analysis, wrote first draft and big part of the 
manuscript and commented on the final version.  
Note: The implementation of the algorithm was done by P.L. with LabView.  
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2.1 Introduction 
Organic electronic materials exhibit mixed (electronic and ionic) conductivity [2.1, 2.2], 
a key property for a variety of devices including light-emitting electrochemical cells [2.3, 2.4], 
dye-sensitized solar cells [2.5], batteries [2.6], electrochromic devices [2.7] and devices for 
bioelectronics [2.8, 2.9]. Our understanding of electronic carrier transport in organics has 
reached a high level of sophistication, starting with studies conducted during the 70s and 80s, 
when these materials were being considered for applications in electrophotography [2.10]. 
Although structure vs. electronic transport properties relationships in organics are still being 
developed [2.11], there is a wealth of knowledge on factors that influence mobility in these 
materials [2.12]. This is in contrast with ion transport, which has not received much attention in 
organic electronic materials. 
Ion transport has been extensively studied in the context of polymer electrolytes, using 
mostly conductivity and diffusion measurements [2.13]. While these methods are suitable for 
studying transport in a material that contains only ionic carriers, their application in mixed 
conductors is challenging due to the simultaneous presence of electronic carriers. In recent 
years, a promising technique was developed that involves measurements of changes in the 
optical transmission of a film upon the injection of ions from an electrolyte. As organics are 
electrochromic, ion injection and the resulting change in electronic carrier density alter the 
optical absorption of the material. Transmission measurements can, therefore, be used to 
follow the dynamics of injection and transport of ions in a polymer film. Aoki et al. [2.14], 
Johansson et al. [2.15], and most recently Wang et al. [2.16, 2.17] have developed this 
technique, called the “moving front” measurement. The geometries used in these experiments 
were different, but were all 2D, meaning that ionic and electronic carriers moving in directions 
perpendicular to each other.  
These experiments stimulated a considerable modeling effort. Lacroix et al. [2.18] 
developed a continuum model and showed that diffusion alone was not sufficient in order to 
reproduce “moving front” behavior, and drift of ions in the polymer must be included in the 
model. Miomandre et al. [2.19] arrived at a similar conclusion using Monte Carlo simulations: 
Although ions in a solution are driven predominantly by concentration gradients, in conducting 
polymers the field can be sufficient enough to support drift. The importance of drift was echoed 
by Wang et al. [2.20], who presented a numerical model based on solution of drift/diffusion 
equations. These models varied in degree of sophistication, assumptions made, and in 
  
40 
 
geometry (1D, where ionic and electronic carriers move along the same axis vs. 2D), and gave 
different predictions regarding, e.g., the speed of the moving front vs. time.  
The complexity of the doping process in a conducting polymer is difficult to capture in 
any model. Changes in film morphology, for example, are expected upon injection of ions and 
this certainly affects material properties. The challenges associated with this endeavor have 
been recently reviewed by Inganäs [2.21]. There is, however, merit in exploring the basic 
electrostatics which underlies the physics of ion injection and transport, as this would provide a 
framework on which additional complexity can be superimposed. In this chapter I examine ion 
injection and transport in a polymer film, assuming that ions move by drift alone. This allows 
the formulation of analytical expressions for the temporal dependence of ion drift length and 
current, variables that can be observed experimentally in a “moving front” experiment. The 
application of the model in an appropriately designed (1D) experiment can therefore lead to 
determination of ion drift mobility in the film. A numerical model based on forward time 
iteration of drift/diffusion equations was used to check the accuracy of the analytical model, 
using realistic materials parameters. 
 
  
2.2  Analytical Model 
The geometry considered is shown in Fig. 2.1. It consists of a solid film sandwiched 
between an electrolyte, to the left, and a metal electrode, to the right. The film is modeled 
after poly(3,4-ethylenedioxythiophene) poly(styrene sulfonate) (PEDOT:PSS) [2.22], which is a 
commercially available polymer with state-of-the-art conductivity. PEDOT:PSS is a degenerately 
doped organic semiconductor, in which the semiconductor chain (PEDOT) is doped p-type due 
to the presence of uncompensated sulfonate anions on the PSS chain, which play the role of 
acceptors (PSS is added in excess, and only a fraction of its sulfonate anions is compensated by 
holes and hence contributes to doping. These are the acceptors considered in our model). The 
sulfonate anions are linked to the polystyrene backbone, hence they are not mobile. The 
model, therefore, considers a film that contains mobile holes and immobile acceptor anions of 
equal density (Fig. 2.1a).  
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Figure 2.1: Schematic representation of the modeled device indicating the charge distribution in the film 
at (a) t=0, when the film is fully doped, and (b) t>0, when the film is partially dedoped. The drift length, ℓ, 
of injected ions and the total length of the film, L, are indicated.  (c) Equivalent circuit diagram for t>0 
where RI and	RC are the resistors that correspond to the dedoped and the still-doped parts of the film, 
respectively, and Vℓ is the voltage at ℓ. 
 
A voltage applied between the metal electrode and a counter electrode immersed in 
the electrolyte (not shown on Fig. 2.1), drives cations from the electrolyte into the film (Fig. 
2.1b). At the same time, holes drift towards the metal electrode, where they are extracted. 
Charge neutrality implies that cation injection is balanced by hole extraction, meaning that as 
the acceptor anions are compensated by the injected cations, the excess holes are swept away 
at the other end of the device. There is, therefore, a front between the dedoped part of the film 
and the still-doped part of the film. The dedoped part extends a distance ℓ from the interface 
with the electrolyte, where ℓ is the drift length of the injected cations. Accordingly, I model the 
partially dedoped PEDOT:PSS film as two resistors in series (Fig. 2.1c), where RI corresponds to 
the dedoped part and RC corresponds to the still doped part. The total resistance of the film is: 
 
}~ =  ℓ +  (" − ℓ) ,                                          (2.1) 
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where ρI and ρC are the resistivities of the dedoped and doped material, respectively, L is the 
length of the film (distance between the electrolyte and the metal electrode), and S is its cross-
sectional area. I assume complete compensation of the acceptor anions by the injected cations, 
hence, in the dedoped part, the hole density is zero and the cation density, P, is equal to the 
acceptor density. This also means that the cation density in the undoped part of the film is 
equal to the hole density in the doped part of the film. RI and RC are equal for ℓ = ℓ0: 
 
ℓ/	 = 	" ::;
 ,              (2.2) 
 
where µh and µP are the hole and cation mobilities in the film, respectively. Assuming that the 
cation mobility is much smaller than the hole mobility (hence  ≪ x), I find that ℓ/ ≪ ". 
Therefore, for any drift length ℓ/ < ℓ < ", the dominant resistor will be RI. For typical values of 
ion and hole mobilities (see below), Eq. (2.2) yields ℓ0=L/100, indeed small compared to the 
total length of the film. Therefore, I assume that all the applied voltage drops on RI, hence 
V(ℓ)≈Vappl, where Vappl is the applied voltage.  
The dependence of drift length on time, t, can be calculated from the definition of drift 
mobility: 
 = [∙ℓ, =
ℓ
*∙ℓ
, ⇒ ℓ	ℓ =  ∙ '	$ 	⇒ ℓ = 2	 ∙ 	 ∙ ' ∙ $          (2.3) 
where u is the drift velocity and V is the applied bias. 
The current density can be calculated using the usual derivation of Ohm’s law, assuming that 
since Vℓ≈Vappl, the current is determined by cation drift in the dedoped part: 
 
 . = T ∙  ∙  = 	T ∙  ∙ 7ℓ7% =
F				,5
√%     (2.4) 
 
where e is the charge of an electron. Equations (2.3) and (2.4) are the main predictions of the 
analytical model, and could be used to derive ion mobility and injected cation density in a 1D 
experimental configuration (ion and hole motion along the same axis). In deriving these 
equations, I ignored the effects of carrier diffusion and assumed that the applied voltage drops 
exclusively in the dedoped part of the film. The impact of these assumptions was investigated 
by numerical modeling. 
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2.3 Numerical Model 
We used the method of forward time iteration of drift/diffusion equations [2.23], and 
included ions as described before [2.24]. We considered a discretized version of the model 
shown in Fig. 2.1. The device was divided in 400 cells of whom the first 50 corresponded to the 
electrolyte and the rest to the film. The interface between the electrolyte and the polymer was 
between cells 50 and 51 and the metal contact was cell 401. Rate equations for charge densities 
were written as a function of the respective currents. For holes, for example,  
 

% = − :F 3   ,      (2.5) 
 
where   
 . = −Q  + Tℎ ,                                         (2.6) 
with h being the hole density, jh the hole current density, Dh their diffusion coefficient, and E 
the electric field. The Einstein equation relating diffusion coefficient and drift mobility was 
assumed. Similar equations were written for the anions and cations originating from the 
electrolyte. Charge densities and electric field were defined inside each cell, while current 
densities were defined at the interface between two cells. The electric field was calculated from 
Poisson’s equation: 
 
 
\
 = F112 (ℎ +  −  − ) ,         (2.7) 
 
where εε0 is the dielectric constant, A is the density of acceptor anions (which were considered 
immobile), and N is the density of anions originating from the electrolyte. The normalization 
condition: 
 
  	(/ = −'^   ,                     (2.8) 
 
was used. The equations were written in a non-dimensional form where distance was 
normalized in units of L and time in units of hole transit time across the film [2.23]. We 
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assumed no injection barrier for ions from the electrolyte into the polymer, and no extraction 
barrier for holes from the polymer to the metal electrode. Holes were not allowed to go into 
the electrolyte. Ion densities were kept constant in the “bulk” of the electrolyte by pinning their 
values at the 1
st
 cell. An electric field was applied and time was increased in steps that were 
short compared to the carrier transit time across a single cell. For each time step, charge 
densities, currents, and finally the electric field were calculated from Eqs. (2.5)-(2.8) above and 
the calculation was stopped before the injected cations reached the metal contact.  
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2.4 Results and Discussion  
I chose input values that describe realistic materials parameters, and varied applied 
voltage, ion mobility (to simulate different types of ions) and ion density. I sought to explore a 
reasonable parameter space that helps understand trends, while at the same time I sought to 
avoid large differences in input parameters, as that would lead to excessively long runs. The 
hole density in the film (hence the density of acceptor anions) was set to 10
19
 cm
-3
. This is an 
order of magnitude smaller than in common PEDOT:PSS dispersions [2.22], but it is a more 
easily-achievable value of doping in organic electronic materials. The cation (hence anion) 
density in the electrolyte was varied between 10
18
 -10
20
 cm
-3
, in order to be smaller, equal, and 
larger than the hole density in the film. These values would correspond to electrolytes of 0.002-
0.2 M. The hole mobility in the film, μh, was set to 10
-3
 cm
2
 V
-1
 s
-1
, within the range of values 
estimated from PEDOT:PSS transistor measurements [2.25]. Ion mobilities in the electrolyte 
were set to 10
-3
 cm
2
 V
-1
 s
-1
, consistent with values for small metal ions in water [2.26]. As little is 
known regarding the magnitude of ion mobilities in conducting polymers, I considered the 
range μP=μN=10
-4
-10
-6
 cm
2
 V
-1
 s
-1
. The total length of the device was assumed to be 200 nm (175 
nm for the film). Although it is shorter than what would be used in a “moving front” 
experiment, it allows efficient computation while at the same time captures the essential 
physics. Moreover, the effect of diffusion is expected to be more pronounced than in a longer 
film, so it consists of a more stringent test for the analytical model. Finally, the applied voltage 
was varied from 0.01 V to 1 V, keeping in mind that larger voltages are not used in aqueous 
electrolytes as they may cause electrolysis.  
Fig. 2.2 shows snapshots of the spatial distribution of ion density, hole density and 
voltage across the device for ion densities in the electrolyte equal to 10
19
 cm
-3
, ion mobilities in 
the film of 10
-5
 cm
2
 V
-1
 s
-1
, and Vappl=1 V. Ions from the electrolyte are injected in the film where 
they move by drift and diffusion. The applied voltage “pulls” cations into the film, and “pushes” 
anions back. As a result, the net injected ion density, P-N, is dominated by the drift of cations. 
The profiles of holes are complementary to the profiles of P-N, indicating that charge neutrality 
is maintained throughout the sample. As the holes recede, complete dedoping occurs in that 
part of the film, with injected cations compensating the acceptor anions. The applied voltage 
drops linearly and entirely within the dedoped area of the film, with no voltage drop at the 
electrolyte or at the still-doped part of the film. This validates a key assumption of the analytical 
model, and means that, for practical purposes, the current is dominated by the drift of injected 
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cations. The latter drift under the influence of an electric field that is spatially uniform, but its 
magnitude decreases with time as the length of the dedoped part of the film increases.  
 Figure 2.2: Spatial distribution of (a) P (blue dotted line), N (grey dotted line) and P-N (solid line), (b) hole 
density, and (c) voltage across the device. The perpendicular dotted line marks the interface between the 
electrolyte and film. The ion densities in the electrolyte were set to P=N=10
19
 cm
-3
, the ion mobilities in 
the film to μP=μN=10
-5
 cm
2
 V
-1
 s
-1
, and Vappl=1 V. The snapshots shown are for t=2, 4, 6, 8, and 10 μs. 
Fig. 2.3a shows the temporal evolution of drift length that corresponds to the data of 
Fig. 2.2. The numerical data (open circles) follow the ℓ
2
 vs. t relationship predicted by the 
analytical model. The latter was used to fit the data and extract the drift mobility of injected 
cations in the film. A fit using Eq. (2.3), shown as the solid line in Fig. 2.3a, yields a value of 
1.004 10
-5
 cm
2
 V
-1
 s
-1
, in excellent agreement with the input value used to generate the 
numerical data. Fig. 2.3b shows that the prediction of the analytical model regarding the 
temporal evolution of current density is also accurate. The numerical data follow the predicted j 
vs. t
-1/2
 dependence, and a fit using Eq. (2.4) yields an ion density of P=9.8·10
18
 cm
-3
, a value 
which is only 2% different than the input value used to generate the numerical data.  
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Figure 2.3: Temporal dependence of (a) drift length and (b) current density. The open circles are the 
results of the numerical model, and the lines are fits to the predictions of the analytical model.  
 
The results above show that the analytical model can be used to fit experimental data from a 
1D geometry and extract ion mobilities. The set of parameters used for the calculations of Fig. 
2.2 define the reference sample. In what follows, I explore excursions from this set of 
parameters by changing applied voltage, ion density in the electrolyte, and ion mobility in the 
film. 
 
 
 
2.4.1 Voltage Dependence 
In order to get a better understanding of the limitations of the analytical model I run 
the numerical model for different values of applied voltage, and fit Eq. (2.3) to the temporal 
dependence of the calculated drift length. Table 2.1 shows the results of the fit for the different 
applied voltages ranging from 0.01 – 1 V. In all cases the input ion mobility was 10
-5
 cm
2
 V
-1
 s
-1
 
and all the other parameters correspond to the reference sample modeled in Fig. 2.2. Although 
in general the analytical model provides a good estimate of ion mobility in the film, the error 
increases for low values of applied voltage. For Vappl=0.01 V, the analytical model returns a 
mobility that is more than 3 times bigger than the input value.  
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Table 2.1. Input and extracted [from Eq. (2.3)] values of the cation drift mobility in the film for 
various applied voltages. 
Voltage (V) Input Mobility (cm
2
 V
-1
 s
-1
) Extracted Mobility (cm
2
 V
-1
 s
-1
) 
0.01 1 ·10
-5
 3.21 ·10
-5
 
0.05 1 ·10
-5
 1.04 ·10
-5
 
0.1 1 ·10
-5
 0.99 ·10
-5
 
0.5 1 ·10
-5
 1.004 ·10
-5
 
1 1 ·10
-5
 1.004 ·10
-5
 
 
In order to understand the origin of this trend, the calculated carrier density and 
voltage profiles in Fig. 2.4 are shown. The latter were normalized to their maximum value to 
allow an easy comparison. As it can be seen from the carrier density profiles, the assumption of 
complete dedoping is not satisfied for low applied voltages. The injected cation density for 
Vappl=0.01 V is about 20% of the hole density in the film and as a result, there is a voltage drop 
at the interface with the electrolyte and at the still-doped part of the sample. The analytical 
model is simply not valid in this case. In a “moving front” experiment, one would need to 
ensure that complete dedoping occurs by increasing the applied voltage until saturated carrier 
density profiles are achieved. 
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Figure 2.4: (a) Spatial distribution of P-N for an applied voltage of 0.01, 0.05, 0.1, 0.5, and 1 V (violet to 
black line), at t=10 μs. (b) Corresponding voltage profiles, normalized to 1 at X=200 nm. The 
perpendicular dotted lines mark the interface between the electrolyte and film. 
 
2.4.2 Ion Density Dependence  
The numerical model was run for different concentrations of ions in the electrolyte, 
keeping all other parameters the same as in the reference sample. I examined the 
concentration range from 10
18 
- 10
20
 cm
-3
, one order of magnitude smaller and larger than the 
density of holes in the film. As previously, I fit Eq. (2.3) of the analytical model to the numerical 
data. The extracted ion drift mobilities are given in Table 2.2. When the density of ions in the 
electrolyte is different than that of holes in the film an error appears. The analytical model 
underestimates the mobility by 9% for P=10
18
 cm
-3
, and overestimates it by 20% for P=10
20
 cm
-3
. 
Table 2.2 Input and extracted [from Eq. (2.3)] values of the cation drift mobility in the film for 
various ion densities in the electrolyte. 
Ion Density  (cm
-3
) Input Mobility (cm
2
 V
-1
 s
-1
) Extracted Mobility (cm
2
 V
-1
 s
-1
) 
10
18
 1 ·10
-5
 0.910 ·10
-5
 
10
19
 1 ·10
-5
 1.004 ·10
-5
 
10
20
 1 ·10
-5
 1.200 ·10
-5
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The nature of this error can be understood by taking a closer look at the voltage 
profiles that correspond to these three cases (Fig. 2.5b). When the concentration of ions in the 
electrolyte is the same as the concentration of holes in the film, the voltage drops linearly 
across the dedoped area, as discussed before (reference case, Fig. 2.2). For electrolytes of 
lower ionic strength, a voltage drop appears at the interface between the electrolyte and the 
film. This voltage drop arises from the mismatch between the cation concentration in the 
electrolyte and the hole concentration (hence the acceptor anion concentration) in the film: As 
injected cations have to compensate acceptor anions, their concentration needs to increase 10 
times going from the electrolyte to the film. This allows ion accumulation in the electrolyte, 
near the interface with the film, and leads to a voltage drop. As a result, a smaller fraction of 
the applied voltage is available to drop inside the film, which leads to a shorter drift length, 
hence a smaller ion mobility is extracted from Eq. (2.3). For experimental design, this implies 
that one should avoid using dilute electrolytes, in which the ion density is considerably smaller 
than the hole density in the film. 
 
Figure 2.5: (a) Spatial distribution of P-N for an ion density equal to 10
18
 cm
-3
, 10
19
 cm
-3
, and 10
20
 cm
-3
 
(black to blue line), at t=10 μs. (b) Corresponding voltage profiles. The perpendicular dotted lines mark 
the interface between the electrolyte and film.  
 
For P=10
20
 cm
-3
, the concentration of cations in the electrolyte is ten times bigger than 
that of ions in the film, so compensation of the acceptor anions is easily achieved. At the same 
time, diffusive transport of ions across the interface becomes more important. The voltage 
profile reveals a region of low field inside the film and close to the interface with the electrolyte 
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(X=25-50 nm), where diffusive transport of ions dominates. Drift dominates in the rest of the 
dedoped region, in which the field is higher than that in the reference sample. This leads to 
faster transport of cations and results to an overestimate of the mobility by the analytical 
model. It should be noted that this effect is diminished as L increases, and hence the region in 
which diffusion dominates gets proportionally smaller. In an experiment, therefore, the 
influence of diffusion can be minimized by increasing the length of the film. 
 
 
2.4.3 Ion Mobility Dependence 
As a last step, I vary the mobility of ions in the film in order to simulate the effect of 
different ions. I start with the reference case and decrease/increase ion mobility in the film by 
an order of magnitude. In the first case, the input mobility was set to 10
-6
 cm
2
 V
-1
 s
-1
 and the 
mobility extracted from Eq. (2.3) was 1.01 10
-6
 cm
2
 V
-1
 s
-1
 (Table 2.3). The analytical model gives, 
therefore, an accurate prediction in this case as well. In the second case, the input mobility was 
10
-4
 cm
2
 V
-1
 s
-1
 and the extracted value was 0.93 10
-4
 cm
2
 V
-1
 s
-1
, indicating that the analytical 
model underestimates mobility. This originates from the fact that the assumption that the hole 
mobility is much larger than the ion mobility in the film is not valid in this case. Indeed, in Fig. 
2.6b we see that the applied voltage drops in both parts of the film, dedoped and still-doped, as 
a result of the similar resistivities of the ionic and electronic resistors. In general, the analytical 
model is valid for a range of mobilities, under the condition that the ion mobility is more than 
ten times smaller than the hole mobility.  
Table 2.3 Extracted [from Eq. (2.3)] values of the cation drift mobility in the film for different 
input values. 
Input Mobility (cm
2
 V
-1
 s
-1
)  Extracted Mobility (cm
2
 V
-1
 s
-1
) 
1 ·10
-4
 0.930 ·10
-4
 
1 ·10
-5
 1.004 ·10
-5
 
1 ·10
-6
 1.010 ·10
-6
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Figure 2.6: Spatial distribution of P-N for a cation mobility in the film equal to 10
-6
, 10
-5
 and 10
-4
 cm
2
 V
-1
 s
-
1
 (blue to black line), for times stated near the plots. (b) Corresponding voltage profiles. The 
perpendicular dotted lines mark the interface between the electrolyte and film. 
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2.5 Conclusions 
I presented a simple model that describes ion injection and transport from electrolytes 
into conducting polymer films. The model gives analytical predictions for the temporal 
evolution of the drift length of ions and the current – variables that can be checked 
experimentally using an appropriate configuration and be used to extract ion drift mobility in 
the film. I explored the validity of this model using forward time iteration of drift/diffusion 
equations, and under a set of realistic materials parameters the model gave accurate 
predictions. By looking at the influence of applied voltage, ion concentration in the electrolyte 
and ion mobility in the film, I developed a set of rules that can guide the design of the 
experiment: First, a sufficiently high voltage needs to be applied to yield complete 
compensation of the acceptor anions in the polymer. Second, the ion density in the electrolyte 
must not be too small compared to the hole density in the film. Third, increasing the length of 
the film (distance between electrolyte and metal contact) reduces the impact of diffusive 
transport, which is important when electrolytes with high ionic strength are used. Finally, the 
ion mobility must be smaller than the hole mobility. This model will be a guide for the design of 
an experiment that will be based on the moving front in one dimensional geometry, in order to 
measure ion mobilities in conducting polymers. The ultimate goal is to help elucidate structure 
vs. ion transport properties relationships in this important class of electronic materials.   
 
 
 
 
 
 
 
 
 
 
 
  
54 
 
2.6 References 
[2.1]  J. M. Leger, Adv. Mater. 20 (4), 837-841 (2008).  
[2.2] J. Leger, M. Berggren and S. A. Carter, Iontronics : Ionic carriers in organic electronic 
materials and devices. (CRC Press, Boca Raton, 2011). 
[2.3]  Q. Pei, G. Yu, C. Zhang, Y. Yang and A. J. Heeger, Science 269 (5227), 1086-1088 (1995). 
[2.4]  J. C. deMello, N. Tessler, S. C. Graham and R. H. Friend, Physical Review B 57 (20), 12951-
12963 (1998). 
[2.5]  M. Gratzel, Journal of Photochemistry and Photobiology C-Photochemistry Reviews 4 (2), 
145-153 (2003). 
[2.6]  H. D. Abruna, Y. Kiya and J. C. Henderson, Physics Today 61 (12), 43-47 (2008). 
[2.7]  R. J. Mortimer, A. L. Dyer and J. R. Reynolds, Displays 27 (1), 2-18 (2006). 
[2.8]  M. Berggren and A. Richter-Dahlfors, Adv. Mater. 19 (20), 3201-3213 (2007). 
[2.9]  R. M. Owens and G. G. Malliaras, MRS Bull. 35, 449-456 (2010). 
[2.10]  P. M. Borsenberger and D. S. Weiss, Organic Photoreceptors for Xerography. (Marcel 
Dekker, Inc., New York, NY, 1998). 
[2.11]  J. Rivnay, S. C. B. Mannsfeld, C. E. Miller, A. Salleo and M. F. Toney, Chem. Rev. 112 (10), 
5488-5519 (2012). 
[2.12]  V. Coropceanu, J. Cornil, D. A. da Silva, Y. Olivier, R. Silbey and J. L. Bredas, Chem. Rev. 
107 (4), 926-952 (2007). 
[2.13]  M. A. Ratner and D. F. Shriver, Chem. Rev. 88 (1), 109-124 (1988). 
[2.14]  K. Aoki, T. Aramoto and Y. Hoshino, Journal of Electroanalytical Chemistry 340 (1–2), 
127-135 (1992). 
[2.15]  T. Johansson, N. K. Persson and O. Inganas, Journal of the Electrochemical Society 151 
(4), E119-E124 (2004). 
[2.16]   X. Wang and E. Smela, The Journal of Physical Chemistry C 113 (1), 369-381 (2009). 
[2.17]   X. Wang and E. Smela, The Journal of Physical Chemistry C 113 (1), 359-368 (2009). 
[2.18]  J. C. Lacroix, K. Fraoua and P. C. Lacaze, Journal of Electroanalytical Chemistry 444 (1), 
83-93 (1998). 
[2.19]  F. Miomandre, M. N. Bussac, E. Vieil and L. Zuppiroli, Chemical Physics 255 (2–3), 291-
300 (2000). 
[2.20]  X. Wang, B. Shapiro and E. Smela, The Journal of Physical Chemistry C 113 (1), 382-401 
(2009). 
[2.21]  O. Inganas, in Iontronics : Ionic carriers in organic electronic materials and devices, 
edited by J. Leger, M. Berggren and S. A. Carter (CRC Press, Boca Raton, 2011), pp. 29-41. 
[2.22]  A. Elschner, S. Kirchmeyer, W. Lövenich, U. Merker and K. Reuter, in PEDOT, Principles 
and Applications of an Intrinsically Conductive Polymer (CRC Press, 2010), pp. 113-166. 
[2.23]  G. G. Malliaras and J. C. Scott, J. Appl. Phys. 83 (10), 5399-5403 (1998). 
[2.24]  D. A. Bernards, S. Flores-Torres, H. D. Abruna and G. G. Malliaras, Science 313 (5792), 
1416-1419 (2006). 
[2.25]  D. A. Bernards and G. G. Malliaras, Adv. Funct. Mater. 17 (17), 3538-3544 (2007). 
[2.26]  P. Atkins and J. de Paula, Physical Chemistry, 8th ed. (Oxford University Press, Great 
Britain, 2006). 
  
55 
 
 
 
 
Chapter 3 
 
 
 
3. Direct measurement of ion mobility in 
a conducting polymer 
Many organic electronic devices for energy harvesting, storage, information display, sensing 
and actuation rely on mixed (electronic and ionic) transport within a single organic layer. 
Although electronic transport in these materials is relatively well understood, a fundamental 
understanding of ion transport is missing, mainly due to the lack of a direct method to assess 
ion mobility in the simultaneous presence of electronic conduction. Using planar junctions 
between the prototypical conducting polymer film poly(3,4-ethylenedioxythiophene) doped with 
poly(styrene sulfonate) (PEDOT:PSS) and various electrolytes I was able to inject common ions 
and directly observe their transit through the film. The one-dimensional geometry of the 
experiment allowed a straightforward estimate of the ion drift mobilities. PEDOT:PSS was found 
to support efficient transport of protons, potassium, sodium and choline ions, consistent with 
the observation of extensive swelling of the film in water. Crosslinking the film decreased its 
swelling and the ion mobility. The method presented here, therefore, paves the way for 
establishing the relationship between structure and ion transport properties in this important 
class of electronic materials.      
This chapter is based closely on previously published work:  “Direct measurement of ion mobility 
in a conducting polymer”, E. Stavrinidou, P. Leleux, H. Rajaona, D. Khodagholy, J. Rivnay, M. 
Lindau, S. Sanaur, and G. G. Malliaras, Adv. Mater. 2013, DOI: 10.1002/adma.201301240 
 Contribution: All experimental work and data analysis, wrote first draft of the manuscript and 
commented on the final version. 
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3.1 Introduction 
A key difference between organic electronic materials and inorganic ones such as 
silicon lies in the ability of the former to transport ions with significant mobilities at room 
temperature. This important property, which arises from the “soft” nature of van der Waals-
bonded organics, is leveraged in a variety of devices that utilize mixed electronic/ionic 
conduction [3.1]. In electrochromic displays [3.2], for example, ions injected from an electrolyte 
change the color of a polymer film. The dimensional changes that arise from ion injection are 
used to build mechanical actuators (artificial muscles) [3.3]. Ion redistribution within a film 
facilitates electronic charge injection from metal electrodes, an effect utilized to achieve 
efficient electroluminescence in light emitting electrochemical cells [3.4, 3.5]. Finally, ion 
diffusion across an interface is used to control the energetics of the heterojunction, thus 
forming diodes [3.6, 3.7]. Mixed electronic/ionic conductivity is of particular importance for 
devices that interface electronics with biology, a subject that is currently attracting a great deal 
of attention [3.8, 3.9]. One example is the organic electrochemical transistor (OECT), in which 
ions from an electrolyte enter a polymer film and change its electronic conductivity [3.10]. This 
results in ionic-to-electronic signal transduction, and has found several applications in 
biosensors [3.11]. A second example is the organic electronic ion pump (OEIP), in which an 
electronic current in a conducting polymer film controls the delivery of ions into an aqueous 
solution [3.12]. These devices have been used in vivo for drug delivery with unparalleled 
spatiotemporal resolution [3.13]. 
Despite the emerging importance of ionic transport in organic electronics, very little is 
known about the fundamentals of ion transport in these materials, and there has not been a 
concerted effort towards the rational design of materials which simultaneously optimize 
electronic and ionic transport. Ion transport has been studied in polymer electrolytes such as 
Nafion using conductivity or diffusion measurements [3.14]. The simultaneous presence of 
electronic carriers in mixed conductors, however, greatly complicates the analysis of data and 
renders these techniques unusable. As a result, even for common materials used in mixed 
conductor devices, such as PEDOT:PSS, ion mobility values are largely unknown. This is in sharp 
contrast with electronic transport in organics, which has been under intense scrutiny since the 
1970s, motivated largely by the application of organics in electrophotography [3.15]. The time-
of-flight technique, which measures the transit of photo-injected carriers through a thick film, 
played a key role in enabling a better fundamental understanding of electronic transport in 
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organics [3.16]. This in turn led to the development of state-of-the-art materials, which helped 
advance the emergence of organic electronics [3.17]. An equivalent technique for measuring 
ionic transport would constitute a major step towards the development of mixed conductor 
materials and devices.  
Organic electronic materials are inherently electrochromic, meaning that the presence 
of free electronic carriers creates states in the optical gap and changes the color of the film 
[3.18]. This phenomenon has been used to monitor doping/dedoping effects in conducting 
polymer films [3.19-3.21]. A variety of experimental configurations including injection of ions 
from an electrolyte and injection or extraction of holes from a metal electrode, have been 
employed. Depending on the exact geometry, ion or hole transport was the rate-limiting step in 
the doping/dedoping process. In all of these experiments, however, ions and holes were 
transported in directions that were perpendicular to each other. This 2-dimensional geometry 
made it difficult to calculate the field inside the polymer film and to determine the ion mobility. 
I was able to overcame this hurdle by developing a novel experimental set up to perform 
measurements on planar electrolyte/PEDOT:PSS junctions, in which the one-dimensional 
geometry of the experiment allows a straightforward estimation of the ion drift mobility. 
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3.2 Methods  
3.2.1 Fabrication of Planar Junction 
The planar junction was fabricated using standard microfabrication techniques. The 
fabrication started with the deposition of a 2 μm thick parylene-C film (Specialty Coating 
Systems) on a glass substrate (26 x 76 mm), and the subsequent spin-coating of a commercial 
solution of PEDOT:PSS (Clevios - PH500), with the addition of 20% anhydrous ethylene glycol 
and DBSA (50 μm in 25 ml of solution). The parylene film, which was mildly etched with oxygen 
plasma (100 W for 2 min in a Reactive Ion Etcher, Oxford) just before the deposition of 
PEDOT:PSS, was used to prevent delamination of the PEDOT:PSS film from the substrate. The 
thickness of the PEDOT:PSS films used in this study was 400 nm, achieved with multiple 
depositions followed by a soft bake at 90 
o
C for 1 min between each deposition. The films were 
then baked at 90 
o
C for 20 min and finally at 140 
o
C for 40 min and then rinsed in deionized 
water for 30 min to remove low molecular weight additives. A 100 nm gold electrode was 
deposited on one side of the film using a shadow mask. A 40 μm thick SU-8 film was spin coated 
on top of the PEDOT:PSS film to serve as an ion barrier. After a post exposure bake, it was 
developed according to the manufacturer’s specifications to open a well of 16 × 5 mm
2
. PEDOT 
was removed mechanically, using a swab dipped in acetone, and a polydimethylsiloxane rim 
was placed on top of the SU-8 well to confine 1.5-2 ml of electrolyte. The area of the junction 
was equal to 400 nm × 16 mm, and the length of the PEDOT:PSS film between the electrolyte 
and the Au contact was 32 mm. It should be noted that conductivity measurements on test 
samples showed that the processing of the SU-8 film did not affect the electrical properties of 
the PEDOT:PSS. Finally, a Ag/AgCl electrode was immersed in the electrolyte. Experiments were 
also performed on films that were crosslinked with the addition of 1wt% of GOPS in the 
PEDOT:PSS solution just before spin coating.Side view of the planar junction is shown on fig 3.1. 
 
Figure 3.1: Side view of the planar junction between PEDOT:PSS and electrolyte, a Ag/AgCl electrode is 
immersed in the electrolyte and a Au contact is deposited in the other side of the film, while an ion 
barrier covers the polymers film in order to ensure only lateral transport of ions. 
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3.2.2 Experimental Set Up 
The experimental set up includes the planar junction, an inverted Carl Zeiss Axio 
Observer Z1 microscope and a KEITHLEY 2612A source-measure unit (SMU). The planar junction 
was placed on a sample holder where connection with the metal electrode and Ag/AgCl with 
the external circuit can be realized. The sample holder was placed on the inverted microscope 
stage and was connected with the SMU. The SMU is controlled though a computer by a custom 
LabView program while the microscope though the AxioVision Rel. 4.8 software of Zeiss. The 
experiment was carried out by applying a positive bias at the Ag/AgCl electrode (which drove 
cations from the electrolyte into the PEDOT:PSS film leading to its gradual dedoping) while 
simultaneously measuring the current flow in the device and the electrochromic changes 
associated with the propagation of the dedoping front though time lapse images, Fig. 3.2. The 
time lapse images were recorded in the bright-field mode with a 1× objective. The images were 
corrected to assure uniform light intensity throughout the field of view. Grey level profiles 
along the x direction (from the electrolyte to the Au electrode) were calculated using a custom 
MatLab program.  For each Grey Level profile of time t the Grey Level Profile of t=0s (before 
application of voltage) was subtracted. Therefore the data correspond to the change of 
transmitted light intensity (ΔT) with respect to the zero bias state. Typical data for potassium 
cations are shown in Fig. 3.3.  Time t=0 s corresponds to the application of a bias, and x=0 mm 
corresponds to the electrolyte/conducting polymer interface. The dedoping profiles exhibit a 
clear saturation, indicating that a maximum level of dedoping was reached. The leading front 
exhibits the typical shape associated with diffusive spread of the carriers. The drift length, ℓ, of 
ions was obtained from the position of half-maximum change in ΔT, as indicated in Fig. 3.2b.  
The dedoping front was not allowed to reach the Au electrode. The device was then short-
circuited to return to its doped state. This defined one cycle. The dedoping was found to be 
reversible and the film returned to its doped state upon removal of the applied bias. I found a 
few dedope/re-dope cycles were required in order to reach a reproducible temporal 
dependence of the current during a dedoping cycle. This is consistent with previous 
measurements in conducting polymer films and has been attributed to hydration of the 
polymer film during the first cycles [3.22]. All the data discussed from this point on were 
obtained on films that were appropriately cycled to reach this reproducible behavior. It should 
be noted that the well was made large enough to ensure that ion depletion of the electrolyte 
was not an issue during the experiment. The device-to-device reproducibility was found to be 
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better than 15%, which permitted a pristine device to be used for each type of electrolyte. The 
latter were freshly made before each measurement by adding the appropriate amounts of HCl, 
KCl, NaCl, and choline chloride (Sigma Aldrich) in deionized water. 
 
Figure 3.2: Time lapse images, where the evolution of the dedoping front in PEDOT:PSS during the 
injection of potassium cations is recorded, upon application of 2V. The time interval is 5s and the first 
image corresponds to the zero bias state.   
 
Figure 3.3: Evolution of the dedoping front in PEDOT:PSS during the injection of potassium cations where 
ΔT is the change of transmitted light intensity with respect to the zero bias state. Time t=0 corresponds 
to the application of a bias voltage, and x=0 mm corresponds to the interface with the electrolyte. The 
applied bias was 2 V. The red arrow indicates the drift length of ions at t=5 s. 
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3.3 Results and Discussion 
The data obtained from these experiments were further analyzed using a simple 
analytical model. The analytical model as well its validation with numerical simulations has 
been described in Chapter 2. Briefly the model is based on the following physical mechanism: 
PEDOT:PSS is a degenerately doped organic semiconductor, in which the semiconductor chain 
(PEDOT) is p-type doped due to the presence of uncompensated sulfonate anions on the PSS 
chain (PSS is added in excess, and only a fraction of its sulfonate anions is compensated by 
holes and hence contributes to doping. These are the sulfonate anions considered here) Fig. 
3.4a. When a positive bias is applied to the Ag/AgCl electrode, cations are injected into the 
PEDOT:PSS film and drift towards the Au electrode, while holes drift towards the Au electrode. 
Charge neutrality implies that cation injection is balanced by hole extraction, meaning that as 
the sulfonate anions are compensated by the injected cations, the excess holes are swept away 
by the hole drift current, Fig. 3.4b. The one-dimensional geometry of the experiment permits 
the direct observation of the front between the dedoped part of the film, where the current is 
dominated by cation drift, and the still-doped part of the film, where the current is dominated 
by hole drift. The dedoped part extends a distance ℓ from the interface with the electrolyte, 
where ℓ is the drift length of the injected cations. Accordingly, I model the partially dedoped 
PEDOT:PSS film as two resistors in series (Fig. 3.4c) where RI	corresponds to the dedoped part 
and RC corresponds to the still doped part. I assume that the cation mobility in the film is lower 
than that of holes, hence the conductivity of the dedoped part of the film is lower than that of 
the doped part of the film. Based on these assumptions one can show that V(ℓ)≈V, meaning 
that the applied potential drops exclusively on the dedoped part. Accordingly, the drift length 
increases with time as: 
ℓ = 2	 ∙ 	 ∙ ' ∙ $  ,     (3.1) 
where V is the applied bias and t is time, and μ is the mobility of the injected cations. The 
current density, j, decreases with time as: 
. = F	∙	 ∙∙,√%   ,       (3.2) 
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where e is the elementary charge and P is the injected cation density in the dedoped part of the 
film. The latter is assumed to be equal to the density of the sulfonate ions, as indicated in the 
schematic of Fig. 3.4b.  
 
Figure 3.4: (a) Schematic of the device indicating the charge distribution in the polymer film when it is in 
its doped state (before application of voltage). The sulfonate groups are compensated by holes.  (b) 
Schematic of the device indicating the charge distribution when the polymer film is partially dedoped, 
after application of voltage. In the dedoped area the sulfonate groups are compensated by the injected 
cations. The drift length, ℓ, of injected ions, the total length, L , of the PEDOT:PSS film, and the area, A , of 
the electrolyte/conducting polymer junction are indicated. (c) The equivalent circuit diagram, where RI 
and RC are the equivalent resistors corresponding to the dedoped and the still-doped parts of the 
PEDOT:PSS film, respectively, and 'ℓ is the voltage at ℓ. 
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3.3.1 Measurement of Potassium mobility in PEDOT:PSS 
Equation (3.1) allows a straightforward determination of the cation drift mobility from 
the dedoping fronts. The solid circles in Fig. 3.5a show the temporal evolution of the drift length 
of potassium cations in a PEDOT:PSS film. The line is a fit of the model, yielding a potassium 
mobility of 1.4·10
-3
 cm
2
 V
-1
 s
-1
. This value is higher than the electrophoretic mobility of 
potassium cations in bulk water at the limit of infinite dilution (7.6·10
-4
 cm
2
 V
-1
 s
-1
) [3.23], 
implying first and foremost that the film is highly hydrated. Mobilities close to water are known 
in gels as well as in polymers such as Nafion [3.24] and PSS [3.25] and are associated with 
extensive hydration which leads to the formation of channels of water that occupy most of the 
film volume. Indeed, the volume increase during swelling of a PEDOT:PSS film that was 
appropriately cycled was measured using optical profilometry to be 155% (Fig. 3.6).  
 
Figure 3.5: Temporal evolution of the drift length, ℓ, of potassium cations (a) and of the corresponding 
current density, j, (b) in PEDOT:PSS and in crosslinked PEDOT:PSS films.  
Exactly how water is distributed within (and how it alters) the physical microstructure 
of PEDOT:PSS films is not fully understood. In PEDOT:PSS dispersions, PEDOT and PSS form a 
poly-ion complex. The polyanion (PSS) is in excess and forms a PSS-rich shell around a poly-ion 
rich core, yielding colloidal gel particles in suspension [3.26]. After proper shearing and 
sonication, such colloidal particles are known to be in the range of 5-30 nm [3.27]. A commonly 
agreed model of the film microstructure is the physical interconnection and flattening of these 
colloidal gel particles upon film casting, whereby the channels for ion/electron motion are 
predetermined by the colloids that were in suspension [3.27, 3.28]. Addition of a co-solvent, 
such as the ethylene glycol in this work, is thought to invert or homogenize the content of the 
colloidal particles, bringing more PEDOT to the surface, and enhancing the molecular scale 
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ordering of the poly-ion complex [3.26, 3.27]. Thus, in both dry and hydrated films cast from 
these suspensions, PEDOT-rich regions form a more continuous interconnected network, 
allowing for efficient electronic transport [3.26, 3.29]. It has been shown that the PSS-rich 
regions in colloidal particles are in the range of 5-15 nm [3.27, 3.30]. According to this picture, 
and given that hydration is expected to progresses largely in the PSS phase, it is suggested that 
the ion-transport pathways in PEDOT:PSS films are comprised of larger (tens of nm) water 
channels in the PSS-rich phase, feeding into smaller pathways through complexed PEDOT:PSS.  
The experimental geometry used here, therefore, resembles capillary electrophoresis, 
in which, in addition to electrophoretic ion migration, an electroosmotic flow can be 
established [3.31]. Indeed, PSS-lined microfluidic channels have shown to support 
electroosmotic flow [3.32] with a mobility of 4·10
-4
 cm
2
 V
-1
 s
-1
. Hence, the measured ionic 
mobility should be interpreted as the sum of the electrophoretic and electroosmotic mobilities 
in the transport pathways.  
 
 
3.3.2 Influence of crosslinking the PEDOT:PSS film on K+ mobility  
One way to modify the transport pathways is to crosslink the film and therefore 
decrease its ability to uptake water. This was achieved through the addition of the crosslinker 
3-glycidoxypropyltrimethoxysilane (GOPS), which reduced the swelling of the PEDOT:PSS film to 
only 35% (Fig. 3.6) and accordingly reduced the ion mobility (Fig. 3.5a, open circles). The fit of 
the model (Fig. 3.5a, line through open circles) reveals that the crosslinker decreased potassium 
mobility by an order of magnitude, to 1.9·10
-4
 cm
2
 V
-1
 s
-1
. It should be noted that the electrical 
conductivity of the dry films decreased only by 45% with the addition of the crosslinker. Exactly 
how the crosslinker changes the structure of PEDOT:PSS is not known and further structural 
characterization is required. The fact that the crosslinked film loses its ability to uptake water 
suggests that the crosslinker creates a denser polymer matrix that is less hydrophilic than the 
non-crosslinked film.  
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3.3.3 Swelling of the Pedot:PSS upon dedoping 
The swelling of the polymer film upon reduction (after appropriate cycling) was 
measured with optical profilometry that is a non-contact technique. The work principle is based 
on the interference of two light beams, the reference one and the one reflected from the 
sample. The interference pattern is translated as height differences. I observed swelling along 
the direction perpendicular to the plane of the substrate (z-direction). Fig. 3.6a shows the 
profiles of a dry (black) and reduced PEDOT:PSS film (blue). Although the measurement was 
performed on a device configuration, stack of Parylene/PEDOT:PSS/SU-8,  Fig. 3.6  shows only 
the thickness of the film before and after dedoping. The thickness of the dry PEDOT:PSS film 
was 400 nm. After reduction, a mean change in the thickness of the PEDOT:PSS film of 619 ± 
214 nm is measured. This corresponds to a swelling of 155 ± 53% along the z-direction. Fig. 3.6b 
shows the data for PEDOT:PSS with GOPS. In this case the initial thickness of the film was 700 
nm. Reduction caused a swelling of 35 ± 4% along the z direction. 
 
Figure 3.6: Thickness variation of PEDOT:PSS film, before (black) and after (blue) reduction of the 
PEDOT:PSS film, for (a) for pristine film with initial thickness 400nm and (b) crosslinked film with initial 
thickness 700nm. 
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3.3.4 Determination of injected cation density in PEDOT:PSS 
The model can be further validated by analyzing the time dependence of current 
density, j, which provides an estimate of the injected ion density, P, in the film (Fig. 3.5b). The 
data for PEDOT:PSS films with and without crosslinker are well fitted by Eq. (3.2). As for the 
drift length, the model predicts the correct time dependence of current density, indicating that 
it captures the essential physics of ion injection in conducting polymers. For films with and 
without crosslinker the fits yielded ion densities of 3.2·10
20
 cm
-3
 and 5.9·10
20
 cm
-3
, respectively. 
A key assumption of the model is that the injected cations compensate the sulfonate anions, 
hence	P is equal to the sulfonate anion density. The latter is estimated to be of the order of 3-
4·10
20
 cm
-3
, assuming a sulfonate group for every 3-4 PEDOT monomer units [3.27], a 1:2.5 w/w 
ratio of PEDOT to PSS (for Clevios PH500), and a density of 1 g/cm
3
 for the film.  The good 
agreement between the obtained values of P and sulfonate anion density lends additional 
support to the model. 
 
 
3.3.5 Effect of electrolyte concentration on ion mobility in PEDOT:PSS 
The measurements above were carried out in electrolytes with a concentration of 10 
mM. Measurements were also conducted with electrolyte concentrations spanning two orders 
of magnitude, ranging from 1 mM to 100 mM. Saturated optical transmission profiles were 
observed and Eq. (3.1) was found to hold in this concentration range allowing the mobility to be 
determined (Fig. 3.7). For potassium the mobilities were found 3.6·10
-4
 cm
2
 V
-1
 s
-1
, 1.4·10
-3
 and 
2.0·10
-3
 cm
2
 V
-1
 s
-1
 for concentration of KCl electrolyte 0.001M, 0.01M and 0.1 M respectively. A 
slight increase of the mobility with concentration was observed, indicating that mild heating of 
the film might be taking place [3.33]. In electrolytes with concentrations of 1 M and higher, ℓ
2
 
exhibited a sub-linear time dependence, which is not captured by our model. Such a deviation 
can be described by strong ion-ion interactions, which render ion transport more dependent on 
the coupling to the counter ions and invalidate the assumption that the ions are fully 
dissociated. Ion concentrations lower than 1 mM were not investigated, as the potential drop 
at the electrolyte becomes non-negligible.  
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Figure 3.7: Dependence of the drift length of K
+
 on time for various electrolyte (KCl) concentrations. 
3.3.6 Effect of applied voltage on ion mobility in PEDOT:PSS 
The ion mobility values were found independent of voltage in the range of 2-4V. In this 
voltage range saturation of the optical profiles is observed and therefore full dedoping occurs 
as the front is moving, completely in agreement with the model. In lower voltages I observed 
non saturated profiles; the color continues changing as the front passes. This is not capture by 
the model therefore the ion mobilities calculated will include an error.  
 
3.3.7 Measuring the mobility of various cations in PEDOT:PSS 
I subsequently evaluated the transport of different cations in PEDOT:PSS films. Fig. 3.8 
shows the drift length of protons, potassium, sodium and choline (C5H14NO
+
) cations, at a 
concentration of 10 mM. The data for all ions follow the ℓ
2
 vs. t dependence, allowing the 
determination of mobilities, shown in Table 3.1. As with potassium, the mobilities of these ions 
in PEDOT:PSS were found to be a bit higher that the electrophoretic mobilities measured in bulk 
water, indicating that electroosmosis plays a role in ion transport in PEDOT:PSS. These results 
emphasize that PEDOT:PSS is an efficient ion transporter for applications in bio-interfacing, 
where the film is in direct contact with and hence takes up water. However, PEDOT:PSS is not 
stable over long times to immersion in water and dissolves or delaminates upon agitation. 
Addition of a crosslinker such as GOPS [3.34] or the use of a vapor-phase deposited PEDOT 
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[3.35] have been used as alternatives that enable long-term operation of devices. This work 
implies that such approaches trade, to a certain extent, ion mobility for stability, and that 
further understanding and engineering of the polymer microstructure is needed to allow co-
optimization of stability, electronic transport and ion transport. 
 
Figure 3.8: Temporal evolution of the drift length, ℓ, of various cations in PEDOT:PSS during a dedoping 
cycle.  
 
 
 
Table 3.1: Mobility of various cations in PEDOT:PSS (measured with 10 mM solutions) and in 
water at the limit of infinite dilution. 
Ion 
Mobility in PEDOT:PSS    
( ¢£¤¥N¦§N¦) 
Electrophoretic mobility in bulk 
water 
(¢£¤¥N¦§N¦) 
H
+
 3.9	 ± 0.2 ∙ 10N0	(N = 3) 3.6	 ∙ 10N0 (from [3.23]) 
K
+
 1.4	 ± 0.2 ∙ 10N0	(N = 8) 7.6	 ∙ 10NG (from [3.23]) 
Na
+
 9.3	 ± 	0.4 ∙ 10NG	(N = 3) 5.2	 ∙ 10NG (from [3.23]) 
C
5
H
14
NO
+
 4.5	 ± 0.4 ∙ 10NG	(N = 3) 3.9 ∙ 10NG (calculated from [3. 36]) 
  
69 
 
Of particular interest is the fact that choline, an organic cation that is an essential 
nutrient, is transported efficiently in PEDOT:PSS. This implies that the size of water channels in 
PEDOT:PSS is larger than the size of the choline ion, and prompts the question of what the 
maximum ion size is for efficient transport through this material. This question has important 
technological ramifications for the design of OEIPs, which employ electrophoretic transport of 
ions in a conducting polymer film. It has been shown that these devices can deliver a variety of 
neurotransmitters [3.13], including acetylcholine [3.37]. The method described here can help 
answer this question by quantifying the mobility of biologically-relevant ions. 
 
3.3.8 Determination of hole mobility in PEDOT:PSS 
Furthermore, estimation the hole mobility in PEDOT:PSS can be made. According to the 
model, the extrapolated current at t=0 s is dominated by hole transport (resistor RC is dominant 
in the equivalent circuit diagram of Fig. 3.4c), and hence reflects the hole conductivity in the 
film. Assuming that the hole density (which is equal to the sulfonate density) is equal to the 
injected ion density, a hole mobility of approximately 0.06 cm
2
 V
-1
 s
-1
 is obtained for both the 
pristine and the crosslinked films, respectively. These values are considerably higher than the 
values determined for the potassium mobility, which is consistent with the key assumption of 
the model, namely that the conductivity of the dedoped part of the film is lower than that of 
the doped part of the film. It should be noted that the hole mobility can be independently 
determined by analyzing the response of OECTs to constant gate current [3.10]. Devices made 
from the same PEDOT:PSS film were fabricated and a hole mobility of 0.01 cm
2
 V
-1
 s
-1
 was 
obtained (see Appendix A1). This value is in good agreement with the one estimated by ion 
injection, which further supports for the validity of the model. 
3.4 Conclusions-Outlook  
In this chapter I presented a method that enables direct measurement of ion mobilities 
in conducting polymers. By utilizing the electrochromic property of conducting polymers I was 
able to monitor the transit of ions though the film upon injection from an electrolyte and define 
their drift length in the conducting polymer at each time. The one dimensionality of the device 
allows the use of a simple analytical model based on two resistors in series that leads to 
extraction of ion mobility and injected ion density. I measured the mobilities of proton, 
potassium, sodium and choline in PEDOT:PSS. In all cases the mobilities were found a bit higher 
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than the electrophoretic mobilities in bulk water suggesting first that PEDOT:PSS can efficiently 
transport ions and second that electroosmosis plays a role in ion transport by adding a 
component in their electrophoretic speed. Hydration plays a primary role in ion transport as the 
films volume increases more than 100%. Crosslinking the film, reduced its ability to uptake 
water and hence the ion mobility. 
In this work I focused on ions that are injected in the film from aqueous solutions, 
which is of particular interest to bio-interfacing. In other applications of mixed ionic/electronic 
transporters, such as in light-emitting electrochemical cells, the organic layer is not in contact 
with an electrolyte and hence ion transport occurs in a dry film. This limit can also be 
approached with the method described here, if an ionic liquid is used to supply the ions instead 
of an electrolyte solution. As solvent-free ion solutions, ionic liquids can inject non-solvated 
ions into a conducting polymer, which creates an opportunity to study ion transport in a 
different regime. Ionic liquids have already been used as a source of mobile ions in ionic 
polymer transducers [3.38]. Alternatively, a solid electrolyte can be used as a source of ions in 
order to avoid hydration and allow a measurement of ion transport in a dry film. The results 
presented above show that mobility decreases when hydration is decreased, which brings up 
the question of what is the “sensitivity” of this method. Eq. (3.1) shows that for a mobility of 10
-
8
 cm
2
 V
-1
 s
-1
 and an applied bias of 2 V, the front moves 2 μm in the first 1 s of the 
measurement. Given that PEDOT:PSS can be patterned with <<1 μm line edge roughness using 
photolithography [3.39], the method described here appears to be suitable for such 
measurements. Finally, the model can be easily adapted to other configurations such as the 
doping of intrinsic organic semiconductors, or the dedoping of n-type organic semiconductors, 
broadening the matrix of materials in which ion transport can be measured. As interest in 
organic electronic materials that support both electronic and ionic transport increases, the 
method developed here will play an important role in establishing structure vs. ion transport 
properties relationships.  
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Chapter 4 
  
 
 
4. Engineering ion transport in 
conducting polymers 
Although tuning the electronic properties of conducting polymers has been addressed in 
numerous ways not a lot has been done to refine the ionic properties of these materials.  
Understanding the high correlation of hydration and ionic conductivity enables us to engineer 
materials with high and defined ion mobilities. As an example collaborators from Monash 
University developed composites of poly(3,4-ethylenedioxythiophene) doped with tosylate 
(PEDOT:TOS) and the hydrogel protein Gelatin. I characterized ion transport in these composites 
and found that they show enhanced ion mobility in comparison with the neat PEDOT:TOS film. 
We were able to tune the value of ion mobility by adjusting the relative ratio of the hydroscopic 
phase to PEDOT:TOS. Surprisingly the electronic conductivity of the samples remain fairly 
unaffected, ensuring that the PEDOT:TOS-Gelatin composites can efficiently support mixed 
conduction. We expect that the method presented in this chapter will contribute towards the 
rational design of materials that simultaneously optimize electronic and ionic transport. 
This chapter is based closely on submitted to be published work: “Engineering hydrophilic and 
biocompatible conducting composites with enhanced and tunable ion mobility”, E. Stavrinidou, 
O. Winther-Jensen, B. S. Shekibi, V. Armel, J. Rivnay, E. Ismailova, S. Sanaur, G. G. Malliaras and 
B. Winther-Jensen 
Contribution: Ion transport characterization, wrote big part of introduction and ion transport 
results and discussion.  
Note: Development of the composites, EQCM and DCS characterization was performed by 
collaborators in Monash University (O. W.-J., B. S. S., V. A., B. W.-J.) 
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4.1 Introduction 
Conducting polymers (CP) can support both electronic and ionic transport making them 
attractive for a variety of applications [4.1]. The operation mechanism of electrochromic 
displays [4.2], fuel cells [4.3], light emitting electrochemical cells [4.4, 4.5] and organic 
bioelectronic devices [4.6, 4.7] relies on the mixed conductivity of CP. While tuning their 
electronic properties has been addressed in numerous ways for example by tuning the doping, 
the macromolecular chemistry, or the solid state/structure film morphology not a lot has been 
done to refine the ionic properties of these materials. The main reason is our poor 
understanding on the mechanism of ion transport in organic mixed conductors. A method for 
studying ion transport in CPs, the so called moving front experiment, is based on their 
electrochromic property. The doping state of the film changes upon injection / extraction of 
ions from/into an electrolyte with a consequent change in the color of the film. Monitoring the 
change on the optical transmission intensity can be used to follow the kinetics of injection and 
transport of ions in the polymer film. This technique has been introduced by Aoki at al. [4.8] 
and has been applied later by Johansson et al. [4.9] and Wang et al. [4.10, 4.11]. In the previous 
chapter I presented a one-dimensional configuration of the moving front experiment that 
allows straightforward measurement of ion mobilities in CP [4.12]. Mobilities of common metal 
ions were measured in poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) 
and were found comparable with their mobilities in water. This suggests that PEDOT:PSS is 
highly hydrated, a finding which was confirmed by swelling measurements. Crosslinking the film 
reduced its ability to uptake water and decrease the ion mobilities. Therefore, there is a strong 
correlation between ion mobility and hydration of the film. In PEDOT:PSS it is thought that 
hydration takes place in the PSS phase, but it’s challenging to systematically change the ratio of 
PSS and it can only be done in synthesis level. In the work presented in this chapter we 
overcame this hurdle by incorporating a water transport phase in the precursor mixture of 
Vapor Phase Polymerized (VPP) PEDOT. 
We engineer mixed conductors by adding a biological matrix in poly(3,4-
ethylenedioxythiophene):(tosylate) (PEDOT:TOS). These biocompatible composites show 
improved and tunable ionic conductivity while they largely retain their electronic properties. 
We introduce a new route for the incorporation of hydrophilic polymers like gelatin by utilizing 
non-traditional solvents for the precursor solution. Solvents that are commonly used like 
butanol can cause denaturation of biomolecules or can contribute to their gelation when in the 
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oxidant solution (iron para-toluene sulphonate (Fe(III)TOS)). Acetic acid is found to be a suitable 
replacement. It is a weak acid, thereby it doesn’t cause denaturation of the biomolecules and it 
preferably coordinates to Fe(III) preventing their gelation. Gelatin has the ability to uptake 
water [4.13] and thus will create hydrophilic pathways through the film that will facilitate ion 
transport. The composites show improved ion transport compared with neat PEDOT:TOS and 
the value of ion mobility can be tuned by adjusting the relative ratio of the components. At the 
same time the electronic conductivity does not vary significantly with the addition of gelatin. 
Previously it has been reported that these composites are biocompatible and facilitate the 
proliferation of brain barrier cells since these cells cannot produce their own ECM (Extra 
Cellular Matrix) [4.14]. Therefore the biocompatible PEDOT:TOS-Gelatin composites that 
support efficiently ionic and electronic transport are ideal for interfacing with biological 
systems. 
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4.2 Methods 
4.2.1 PEDOT:TOS-Gelatin composites preparation 
PEDOT:TOS-Gelatin films were deposited on glass substrates by Vapor Phase Polymerization  in 
the presence of an oxidant solution. Vapor phase polymerization (VPP) is a synthesis method 
that can be used to form thin homogenous, highly conducting polymers film on various 
substrates and geometries and was originally described by Mohammadi et al. [4.15]. It is a 
chemical polymerization method where an oxidant solution is deposited on a substrate and the 
substrate is exposed to a monomer vapour. The oxidant solution was prepared as follows:  419 
mg Fe(III)TOS were dissolved in 0.80 ml of 1:1.67 water:acetic acid (v/v) mixture in a vial and 24 
μl pyridine were added and vigorously stirred. In a separate vial, gelatin (17, 26, 33mg and 67 
mg for PEDOT:TOS-33% Gelatin, PEDOT:TOS-44%Gelatin, PEDOT:TOS -50% Gelatin, PEDOT:TOS 
-67% Gelatin was dissolved in 0.625 ml of 1:1.5 water:acetic acid (v/v). The percentage of 
Gelatin in the sample corresponds to the w/w ratio of the PEDOT:TOS resulting from them 
amount of Fe(III)TOS and the added Gelatin in the oxidant solution. The gelatin was omitted for 
neat PEDOT:TOS. The oxidant mixture was then added to the gelatin solution and stirred to mix 
thoroughly. The mixture was immediately spin-coated on the substrate at 1500 rpm for 30 s. 
The coated substrate was then placed in the preheated monomer chamber at 70 
o
C. The 
chamber was placed in an oven at 70 
o
C for a time period ranging between 30 min and one 
hour, depending on the ratio. A higher additive content requires a longer polymerization time 
e.g. 45 min for PEDOT:TOS-50%Gelatin and 1 h for PEDOT:TOS-67%Gelatin. Following 
polymerization, the film was cooled to room temperature and rinsed with ethanol three times. 
 
4.2.2 Fabrication of planar junction 
The fabrication procedure of the planar junction is based on the one described in the 
previous chapter with some modifications. The PEDOT:TOS and PEDOT:TOS-Gelatin films were 
deposited on a glass substrate with a thin layer of plasma polymerized maleic anhydride coating 
to serve as an adhesion layer between the substrate and the PEDOT in order to avoid 
delamination of the polymer film during the experiment. The films were dried in a vacuum oven 
for 48 hours to remove any remaining water molecules. A 100 nm gold electrode was 
evaporated on one side of the film using a shadow mask. A 40 μm thick SU-8 film was spin 
coated on top of the PEDOT:TOS film to serve as an ion barrier. After post exposure bake, it was 
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developed according to the manufacturer specifications to open a well of 16 × 5 mm
2
. To 
enhance the adhesion of the ion barrier and polymer film, the samples were hard baked for 5 
min at 100°C and for 5 min at 105°C. The exposed PEDOT in the well was removed mechanically 
using a swab dipped in de-ionized water. A polydimethylsiloxane rim was placed on top of the 
SU-8 well to confine 1.5-2 ml of electrolyte. The area of the junction was equal to thickness of 
each film (~300 nm) × 16 mm, and the length of the PEDOT:TOS film between the electrolyte 
and the Au contact was 3.2 cm. It should be noted that conductivity measurements on test 
samples showed that the processing of the SU-8 film did not affect the electrical properties of 
the PEDOT:TOS. 
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4.3 Measuring ion mobility in PEDOT:TOS-Gelatin composites 
I measured ion mobility in the PEDOT:TOS-Gelatin composites, using planar junctions 
between the PEDOT:TOS-Gelatin composite and the NaTOS (sodium p-toluenatesulfonate) 
electrolyte. The method I developed is described in detailed the previous chapter. In this case 
dedoping was achieved by applying a positive bias of 2.5V to a Pt electrode in respect to the 
film.  This voltage ensures saturation of the optical transmission profiles indicating full dedoping 
of the area. The device, in order to return to the doped state, was then reversely biased at -
0.5V and finally at -1V. This defined one cycle. The current vs. time curves were found to reach 
a reproducible behavior after the first 2-3 cycles. 
When positive voltage is applied in the electrolyte with respect with the film, the 
tosylate anions are extracted from the film into the electrolyte and at the same time holes are 
extracted from the film through a Au electrode in order to preserve electroneutrality in the 
film. The film is being dedoped and due to electrochromism the color changes, allowing 
monitoring of the optical transmission of the film. From the change of the optical transmitted 
intensity with respect with the initial state I define the drift length of ions at each time. The one 
dimensional geometry, ions and holes moving in the same direction, allows the determination 
of ion mobility using the relationship     
 
ℓ = 2 ∙  ∙ ' ∙ $                                                                    (4.1),  
 
where ℓ  is the drift length of ions,  µ the mobility of ions in the film and V is the applied 
voltage. 
When composite films were made by the addition of gelatin, a moving dedoping front was 
observed. For PEDOT:TOS-33% Gelatin composite, the front was parallel to the electrolyte/film 
interface. However, the dedoping front was found to exhibit zig-zag-like features which imply 
non-uniform dedoping (at the scale of the optical microscopy, Fig. 4.1a), most likely arising from 
non-uniform gelatin distribution. The mean displacement of the front that corresponds to the 
drift length of ions is calculated from the change of the transmitted light intensity (ΔT). ΔT 
profiles are calculated along the x-direction (from the electrolyte/film interface towards the Au 
electrode) after averaging the y-axis values. The averaging ensures that the extracted value for 
mobility is that of an average lateral ion transport. By fitting the experimental data to equation 
(4.1) the mobility of the tosylate ions in the film can be calculated. For the PEDOT:TOS-(33% 
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Gelatin) composite the mobility was found to be 1.2
.
10
-5 
cm
2
V
-1
s
-1
. When we increased the 
relative amount of gelatin the front edge was uniform (fig 4.1a.) and the ion mobility was found 
to be 2.8
.
10
-5
 cm
2
V
-1
s
-1
, 4.0
.
10
-5
 cm
2
V
-1
s
-1
 and 7.8
.
10
-5
 cm
2
V
-1
s
-1 
for PEDOT:TOS-Gelatin films with 
44% Gelatin, 50% Gelatin and 67% Gelatin respectively (Fig. 4.1b). The reproducibility of 
multiple replicates was better than 15%. It should be noted that I was not able to measure the 
mobility of ions in neat PEDOT:TOS since the dedoping front was pinned at the interface (Fig. 
4.1a.). This can be attributed to collapsing of the CP film after initial dopant removal as has 
been reported elsewhere [4.16], which constricts ion transport pathways. The mobility of 
tosylate anions in PEDOT:TOS-67% Gelatin is  only one order of magnitude lower than reported 
values for mobility of common metal ions in water. Higher concentrations of Gelatin led to an 
excess of gelatin that couldn’t be incorporated to the polymer matrix and no further 
enhancement in ion mobility was observed. Lower concentrations were not tested since the 
PEDOT:TOS-33% Gelatin  seems to be the threshold of percolating gelatin domains. 
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4.4 Electronic conductivity of PEDOT:TOS-Gelatin composites 
By adding an electrical insulator in a conducting matrix one would expect the electrical 
conductivity to decrease. However it has been reported that incorporation of the non-
conducting PEG in PEDOT:TOS matrix enhanced its electronic properties [4.17]. Clearly in the 
case of Gelatin we see a different trend. The electrical properties of the PEDOT:TOS-Gelatin 
composites were tested with four probe measurement using a Jandel tool. Four probe 
measurement is commonly used for determining conductivity of thin films and has the 
advantage that the contact resistances are not taken into account. From the measurement the 
sheet resistance }² is determined and the conductivity 
 can be extracted from the relationship 
(4.2) 
 

 = : = :³´∙7                                                                          (4.2) 
 
Where d is the thickness of the film and was measured using the mechanical profilometer 
Veeco Dektak 150. 
The conductivities of the composites are in the same range as neat PEDOT:TOS. For the 
composite up to 50%Gelatin the conductivity is around 300S/cm, 25% less than neat 
PEDOT:TOS but still a high value for CP Fig. 1c. The dilution effect, by the increase of the non-CP 
content, was more obvious with PEDOT:TOS-67%Gelatin where a further decrease in 
conductivity of the composite was observed .  Gelatin does not seem to affect the electronic 
transport implying that its role is more passive and does not disturb the electronic overlap of 
the PEDOT:TOS structure. More detailed analysis requires structural characterization and goes 
beyond the scope of this work. 
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Figure 4.1: (a) Micrographs of the dedoped area (initiating from the electrolyte/film interface) at t=100s 
for neat PEDOT:TOS and PEDOT:TOS-Gelatin composites, scale bar 0.5mm. With increasing amount of 
Gelatin the drift length of ions is larger for the same time. (b) Ion mobility of tosylate anions as a function 
of the amount of gelatin in the composites. (c) Electrical conductivity as a function of the amount of 
gelatin in the composites. 
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4.5 Characterization of thermal behavior of the PEDOT:TOS-Gelatin 
composites by Differential Scanning Calorimetry   
In order to further investigate the interaction of PEDOT:TOS with gelatin, we performed 
differential scanning calorimetry (DSC). Samples of various PEDOT:TOS-Gelatin ratios were 
scanned from -80 
o
C to 200 
o
C using TA-Q100 DSC to study the glass transition temperature 
(Tg), the PEDOT solid-solid state transition temperature and the water loss from gelatin. The 
heating and cooling rate was 10°C/min with N2 purge at 50 ml/min. The solid-solid phase 
transition and water loss component didn’t appear on subsequent scans on the same day. This 
phenomenon is well understood as the (re-)uptake of water in gelatin and reordering of PEDOT 
that occurs over several days. Practically a week was allowed between measurements of the 
same samples and these showed reproducible traces. Typical DSC traces for PEDOT:TOS-Gelatin 
composites are shown in Appendix A2 Fig. A.2 while the Tg, solid-solid state transition/water 
loss peak positions and transition energies are summarized in Table 4.1. Changes of the Tg of a 
polymer composite is a common tool used to determine the interaction between the 
constituent polymers. An interaction is typically observed as a change in Tg of one polymer 
component towards the Tg of the other. The almost unchanged Tg (~ -4 
o
C, Table 4.1) for all 
gelatin-containing samples strongly indicates that a significant part of the gelatin in the 
composites is in its “original” configuration not interacting with PEDOT. The transition energy 
for water (liquid to vapor) is approximately 2260 J/g [4.18]. For a water content of 15%, as is 
typical of gelatin [4.19], a peak around 100 
o
C [4.20] with a transition energy of ~340J/g would 
be expected for pure gelatin, fitting well with the experimental data. The water loss peak from 
gelatin and the solid-solid state transition from PEDOT (at ~ 137 
o
C with ~ 117 J/g for neat 
PEDOT:TOS [4.21]) have merged into one peak for all composite samples. Considering the 
different content of gelatin in the composites, the transition energy of the composites varied 
proportionally. This indicates that gelatin in the PEDOT:TOS-Gelatin composites maintains the 
same ability to take up water, and there is thus little interaction between PEDOT and gelatin. 
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Table 4.1: Glass transition temperature, water loss peak temperature and water loss energy for 
Gelatin and PEDOT:TOS-Gelatin composites 
Sample Tg (
o
C) Water loss peak T (
o
C) Water loss energy (J/g) 
PEDOT:TOS-33%Gelatin -4.3 101 162 
PEDOT:TOS-50%Gelatin -3.7 82 267 
PEDOT:TOS-67%Gelatin -3.5 102 304 
100% Gelatin -4.4 109 351 
 
4.6 Characterization of mass exchange with Electrochemical Quartz 
Crystal Microbalance  
The presence of Gelatin influenced the overall mass-movement in and out of the 
composite films as measured using electrochemical quartz crystal microbalance (EQCM). EQCM 
is versatile tool that allows monitoring of mass exchange between a sample and electrolyte 
while redox reaction is taking place or in the case of conducting polymers a doping-dedoping 
process with the application of voltage. A QCM sensor consists of a thin quartz disc sandwiched 
between a pair of electrodes. Due to the piezoelectric properties of quartz, it is possible to 
excite the crystal to oscillation by applying an AC voltage across its electrodes. The resonance 
frequency of the sensor depends on the total oscillating mass. When a thin film is deposited to 
the sensor, the frequency decreases. If the film is thin and rigid the decrease in frequency (Δf) is 
proportional to the mass of the film (Δm) and the Sauerbrey equation is valid 
∆ = −·O ∙ ∆¸                                                                   (4.3) 
where Cf is the sensitivity factor of the crystal.  
 Although qualitative behavior can be easily extracted from the measurements, 
quantitative behavior for soft matter requires parallel determination of the dissipation factor 
that determines the change in the viscosity of system. In this case of soft and not rigid films the 
Sauerbrey relation becomes invalid. A film that is "soft" (viscoelastic) will not fully couple to the 
oscillation of the crystal but it will cause damping of the sensor’s oscillation by absorbing 
energy. The EQCM system used in this work was the QCM200 from Stanford Research Systems. 
This system takes information only from the fundamental frequency which has a more 
dispersive behavior than the other harmonics and gives no information for the dissipation 
factor rending the quantification of the results impossible. Therefore the results will be 
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discussed in qualitative manner. The QCM system is connected with a potensiostat (Bio-Logic-
Science Instrument) where the crystal acts as the working electrode. A Pt counter electrode and 
a Ag/AgCl reference electrode are immersed in the liquid cell. Through the potensiostant we 
apply a potential sweep to the film and through the QCM we monitor the frequency change of 
the crystal/film system. 
In figure 4.2 we show the resonance frequency of the film during a potential scan from 
-1V to +0.5V (vs Ag/AgCl) in respect to the electrolyte. In neat PEDOT:TOS the resonance 
frequency increases as the material is de-doped (from oxidized to reduced, from +0.5 to -1V) 
confirming that the mass of the film is decreasing since the tosylate anions are extracted from 
the film [4.22].  This is in contrast to PEDOT:PSS, where the dedoping shows an associated 
increase in mass due to the injection of cations in the film (Appendix A3 Fig A.3). In PEDOT:TOS 
even if some cations are injected from the electrolyte (Na
+
) the mass loss indicates that the 
extraction of tosylate ions is the dominant process. However, increasing the gelatin content, 
the EQCM trace gradually change with the PEDOT:TOS-67% Gelatin showing mass gain and loss 
during dedoping. During reduction scanning from +0.4V to -0.2V the sample loses mass in 
agreement with the dedoping process. For potentials more negative than -0.2 V a mass-gain is 
observed, which can be explained by the potential dependent water-uptake of Gelatin. Gelatin, 
as a derivative of the protein collagen, is characterized by an iso-electric point. The iso-electric 
point covers both sides of neutral [4.23, 4.24], and can vary significantly depending on the 
origin and production method of the gelatin used. The increase in pH (or in our case a more 
negative applied potential) past the iso-electric point is known to increase the swelling of 
gelatin (gels) significantly – in some cases by more than 1000% [4.23, 4.24]. This charge-induced 
swelling results in an increase in the mass of the composite materials with high gelatin content. 
When the gelatin content is sufficiently high, this effect becomes more dominant than the mass 
loss associated with the de-doping of the CP. Therefore the limited interaction between PEDOT 
and gelatin allows the gelatin domains to swell as a function of electrochemical potential. 
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Figure 4.2: Frequency change (inversely proportional to mass change) as a function of the applied voltage 
for neat PEDOT:TOS and PEDOT:TOS-Gelatin composites (from bottom to top curve the gelatin content is: 
0%, 33%, 44%, 50% and 67%) in 0.05M NaPTS electrolyte. Doping and dedoping direction are marked. 
The scanning rate is 20mV/s.  
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4.7 Conclusions 
We show that ion transport is improved in PEDOT:TOS with the addition of the hydrogel 
protein gelatin. The PEDOT:TOS-Gelatin composite films showed a systematic increase in ion-
mobility with increasing gelatin content. The unchanged position of the gelatin Tg, the 
systematic increase in water loss during DSC measurements, and the dependence of the gelatin 
swelling on gelatin ratio at negative applied voltages all support the idea that gelatin forms 
segregated hydrophilic domains that act as an ion “highway” within in the composite. A higher 
concentration of gelatin, up to a point, provides easier movement of the dopant ions through 
the CP matrix thereby resulting in higher ion mobility. This is supported by the increased ability 
to uptake water as the gelatin amount increases and as a function of electrochemical potential 
as QCM data suggest. Therefore gelatin forms hydrophilic segregated domains that act as an 
ion “highway” in the composite and more gelatin provides easier movement of the dopant ions 
through the CP matrix resulting in higher ion mobility. 
In conclusion, we have developed a new method using acetic acid as a solvent in order 
to prepare vapor-phase polymerized PEDOT composite films with hydrophilic biomolecules that 
show enhanced and tunable ion mobility. Gelatin improves ion mobility in composites with 
PEDOT:TOS, with DSC and EQCM results supporting a model whereby the gelatin creates 
pathways that facilitate ion transport. The electronic properties of the samples remain fairly 
unaffected, ensuring that the PEDOT:TOS-Gelatin composites can efficiently support mixed 
conduction. We expect that the method developed and described in this work will contribute 
towards the rational design of materials that simultaneously optimize electronic and ionic 
transport. 
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Chapter 5 
 
 
 
A Physical Interpretation of Impedance 
at Conducting Polymer/Electrolyte 
Junctions 
In this chapter I monitor the process of dedoping in a planar junction between an electrolyte and 
a conducting polymer using electrochemical impedance spectroscopy performed during moving 
front measurements. The impedance spectra are consistent with an equivalent circuit of a time 
varying resistor in parallel with a capacitor. I show that the resistor corresponds to ion transport 
in the dedoped region of the film, and can be quantitatively described using ion density and drift 
mobility obtained from the moving front measurements. The capacitor, on the other hand, does 
not depend on time and is associated with charge separation at the moving front. This work 
offers a physical description of the impedance of conducting polymer/electrolyte interfaces 
based on materials parameters.  
This chapter is based closely on to be submitted for publication work: “A Physical Interpretation 
of Impedance at Conducting Polymer/Electrolyte Junctions”, E. Stavrinidou, M. Sessolo, B. 
Winther-Jensen, S. Sanaur, and G. G. Malliaras  
Contribution: Performed all experimental work and data modeling and analysis, wrote most of 
the manuscript. 
Note: Special thanks to Germà Garcia-Belmonte (Universitat Jaume I), Nicholas Melosh 
(Stanford University), and Yvan Bonnassieux (Ecole Polytechnique) for fruitful discussions. 
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5.1 Introduction 
Conjugated polymers represent an important class of organic electronic materials partly 
because of their ability to conduct both electronic and ionic carriers [5.1, 5.2]. A variety of 
(opto-)electronic devices rely on this key property of mixed conductivity for their operation 
[5.3-5.9]. Of particular contemporary interest is the electrically doped form of these materials 
(called conducting polymers). These materials are finding a host of applications in 
bioelectronics, as transducers and actuators of biological phenomena [5.9-5.13]. A widely used 
conducting polymer is PEDOT:PSS, in which the semiconducting poly(3,4-
ethylenedioxythiophene) (PEDOT) is heavily doped p-type by the sulfonate anions (acceptors) 
of the poly(styrene sulfonate) (PSS) [5.14]. Although our understanding of electronic transport 
in conjugated polymers has reached a high level of sophistication [5.15, 5.16], ion transport has 
not received the same amount of attention, mainly due to the lack of suitable characterization 
techniques. While conductivity or diffusion measurements can be used to study ion transport in 
materials that conduct only ions (such as polymer electrolytes [5.17]), these techniques are 
difficult to apply in mixed conductors because the simultaneous presence of electronic carriers 
greatly complicates data analysis. There is a need, therefore, for new experimental approaches 
that provide insight on the fundamentals of ion transport in conjugated polymers.  
Electrochemical impedance spectroscopy (EIS) is a common technique for studying 
charging and transport phenomena in conjugated polymers [5.18], despite the fact that the 
interpretation of the obtained data can be model-dependent. In the most usual configuration, a 
thin polymer film is deposited on a metallic substrate (working electrode) and is placed in an 
electrochemical cell. A dc bias applied between the electrolyte and the electrode leads to ion 
injection from the electrolyte into the polymer and sets the doping level (redox state) of the 
latter. The injection of cations in PEDOT:PSS, for example, will decrease the hole density and 
dedope the film. Once the desired doping level is reached, a small ac modulation is applied and 
the impedance spectrum is recorded. Impedance is essentially the phase lag in the movement 
of charge carriers upon the application of the ac voltage. Since both ionic and electronic carriers 
move simultaneously, the analysis becomes complicated [5.19]. In the simplest case, an 
equivalent circuit consisting of several elements is used to fit the data, considering the path of 
an ion moving from the electrolyte to the bulk of the polymer. These elements include a 
resistor to describe transport in the electrolyte, a capacitor (usually modeled with a constant 
phase element) in parallel with a charge transfer resistor to model the process of ion injection 
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into the film, and a diffusion element (modeled with a Warburg or a constant phase element) 
to capture ion diffusion inside the polymer [5.20]. 
An alternative approach to study ion injection and transport in conjugated polymers is 
the so-called “moving front” experiment [5.21-5.23], which relies on the fact that the optical 
absorption spectra of these materials change upon doping (electrochromism). In this 
experiment, changes in the optical density are spatially and temporally resolved in order to 
infer the injection and transport of ions inside a polymer film. A key difference between EIS and 
the moving front experiment is that in the former doping undergoes a small ac modulation 
around a fixed level, while in the latter there exist two regions in the film with distinctly 
different doping levels. In chapter 3 I presented the realization of the moving front experiment 
in a planar electrolyte/PEDOT:PSS/Au device, in which injected cations compensate the 
sulfonate acceptors and lead to hole depletion (the holes are extracted at the Au electrode). As 
a result, a dedoped region forms inside the PEDOT:PSS film that extends a distance ℓ(t) from 
the interface with the electrolyte, where ℓ(t) is the drift length of the injected cations at time t. 
The one-dimensional geometry of the planar junction allowed a straightforward visualization of 
ion drift inside the polymer, and enabled the extraction of the drift mobility of various cations 
[5.24]. Ion mobilities measured in PEDOT:PSS were found to be similar to values measured in 
water, consistent with transport in water channels inside a highly hydrated film [5.24]. 
In this chapter I report on electrochemical impedance spectroscopy performed during a 
moving front experiment on a planar electrolyte/PEDOT:PSS junction. Impedance spectra 
acquired during the propagation of the dedoping front are modeled by an equivalent circuit of a 
resistor in parallel with a capacitor. I show that the resistor corresponds to ion transport in the 
dedoped region of the film, and can be quantitatively described using ion density and drift 
mobility, while the capacitor is associated with doping/dedoping processes at the moving front. 
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5.2. Methods 
5.2.1 Experimental configuration  
Figure 5.1 shows a schematic of the experimental configuration. A PEDOT:PSS film, 
deposited on a parylene-coated glass substrate, was coated with a layer of SU-8. The latter 
served as an ion barrier and prohibited ion injection into the PEDOT:PSS film from the top. 
Using photolithography, a well was created in the SU8/PEDOT:PSS stack and filled with an 
electrolyte, forming a planar electrolyte/PEDOT:PSS junction. The thickness of the PEDOT:PSS 
film was 400 nm, and its width was 26 mm. A polydimethylsiloxane rim was placed on top of 
the SU-8 well to confine 1.5–2 mL of electrolyte. A large area Pt counter electrode and a 
saturated Ag/AgCl (3M KCl) reference electrode were immersed into the electrolyte (0.01 M KCl 
in deionized water), while a Au electrode, positioned at a distance L= 32 mm from the 
electrolyte interface, provided electrical contact to the PEDOT:PSS film. The PEDOT:PSS/Au 
structure was connected with the potensiostat (Bio-Logic-Science Instruments) as the working 
electrode. The experiment was carried out as follows: Starting with the film in the p-doped 
state, a DC bias of 1 V was applied between the electrolyte and the Au contact, injecting K+ 
cations and beginning the dedoping of the PEDOT:PSS film. As the dedoping front propagates, 
we added an ac modulation with an amplitude of 100 mV and a frequency that was scanned 
from 100 kHz to 100 Hz, and obtained the impedance spectra. Each spectrum took 
approximately 5 s to acquire and there was a “dead” time of 12 s before a subsequent 
acquisition, during which time the dedoping front continued to progress inside the polymer 
film. A total of 8 spectra were acquired, well before the dedoping front reached the Au 
electrode. Consequently the applied voltage was set to zero and the film is allowed to return to 
its initial p-doped state. This defined one cycle; we performed a couple of cycles to a pristine 
device in order to allow the film to properly hydrate and the measurements to become 
reproducible. The data shown hereafter correspond to appropriate cycled films. 
. 
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Figure 5.1: Schematic representation of the device indicating the charge distribution in the film 
during the propagation of the dedoping front, at a distance ℓ from the interface with the 
electrolyte. 
 
 
5.3. A physical model of impedance spectra at conducting 
polymer/electrolyte junction 
Impedance spectra are shown on the Nyquist plot of Fig. 5.2 as solid points. Each 
spectrum shows the typical semicircle behavior associated with an equivalent circuit of a 
resistor, R, in parallel with a capacitor, C. As time moves forward and the moving front 
propagates inside the film, the diameter of the semicircles increases. The right hand side (low 
frequency) end of a semicircle corresponds to the value of the resistor. It can be immediately 
seen that this value depends on time in a sub-linear fashion, as the distance between the low-
frequency ends of successive semicircles decreases with each time scan. The value of the 
capacitor, on the other hand, is not as straightforward to appreciate from the Nyquist plots. In 
order to extract the exact time dependence of the resistor and the capacitor, a fit to an 
equivalent circuit consisting of R and C in parallel was performed for each spectrum (solid lines 
in Fig. 5.2). The extracted values for R and C are shown in Fig. 5.3. Each data point in these plots 
is associated with the time corresponding to the end of the scan, as this condition reflects more 
accurately the point in time where the resistor is determined. The error bar on the x-axis 
reflects the duration of a scan. The error bars on the y-axis, on the other hand, were estimated 
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from the high frequency end of the semicircles of Fig. 5.2, which show negative values for the 
real part of the impedance. This is due to an experimental artifact and these values were taken 
to represent the error in R, while the error in C was subsequently calculated from the fit.  
 
 
Figure 5.2: Nyquist representation of eight impedance spectra (solid circles) recorded during a moving 
front experiment. The solid lines are fits to an equivalent circuit model of a resistor in parallel with a 
capacitor. 
 
The resistor in Fig. 5.3a is shown to increase with the square root of time, a trend that 
can be understood by means of the physical picture developed from the moving front 
experiment: Given that the dedoped region of the film is the least conducting element of the 
whole device, and given that its length grows with time, the resistor must be associated with 
this region. As a matter of fact, the length of the dedoped region grows as [5.25]: 
tVtl ⋅⋅⋅= µ2)( ,                                                     (5.1) 
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where µ is the K
+
 drift mobility inside the PEDOT:PSS film and V is the applied dc voltage. 
Assuming that the K
+
 cations are the only mobile charges in the dedoped region, the 
corresponding resistance is equal to: 
APe
tV
tR
⋅⋅
⋅⋅
=
µ
2)( ,                                                      (5.2) 
 
where	P is the	K+ density inside the PEDOT:PSS film, A is its cross section of the film, and e is the 
charge of an electron. The fact that the resistor in Fig. 5.3a follows the predicted R(t)~√t 
behavior supports the proposed physical interpretation. Namely, the resistive part of the 
impedance spectra is consistent with the temporal evolution of the moving front and is 
therefore associated with ion drift in the dedoped region of the film. The line in Fig. 5.3a is a fit 
to Eq. (5.2), yielding √μ.P=6.6.1019	V-1s-1cm-1. This value is within order of magnitude and only 
three times different of the one determined from the moving front experiment (√μ.P=2.2.1019	
V-1s-1cm-1), indicating that experimental values of ion density and mobility can be used to 
estimate the resistive part of the impedance. In fact, the agreement is even better if we 
account for the fact that the cross section A in Eq. (5.2) is underestimated, as PEDOT:PSS swells 
in contact with the electrolyte [5.24].  
Contrary to the resistor, the capacitor is shown in Fig 5.3b to remain constant and equal 
to ~3 nF. This suggests that the capacitor cannot be attributed to the dedoped region of the 
film, but rather to an interfacial capacitance. We attribute this capacitance to the leading front 
of the dedoped region, at which holes recede towards the Au electrode while K
+
 cations move 
in to take their place. Given that holes in PEDOT:PSS are considerably more mobile than K+ 
cations [5.24], a thin region develops right at the moving front interface in which holes are 
extracted but cations are not yet been injected. This region contains net negative charge due to 
uncompensated sulfonate acceptors. Considering the cations as slow moving compared to the 
holes, leads to a configuration that is analogous to charge redistribution near an 
electrode/electrolyte interface and hence leads to capacitance of the same magnitude as that 
of a double layer. Indeed, normalizing the experimental values for the cross section of the 
PEDOT:PSS film yields a  capacitance per unit area of ~30	μF/cm2, a value consistent with 
double layer capacitance. 
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Figure 5.3: Temporal evolution of the resistor (a) and the capacitor (b) determined from the impedance 
spectra. The line in (a) is a fit to Eq. (2). 
 
The moving front experiment has shown that drift of ions is important for 
understanding electrochemical doping/dedoping in conjugated polymer films [5.25-5.28], a fact 
that is often neglected in the interpretation of electrochemical impedance data. The latter 
describe ion transport in the film primarily as a result of diffusion, driven by the accumulation 
of ions at the electrolyte/polymer interface. According to this picture the applied potential 
drops partially at the electrolyte/polymer interface and determines in a self-consistent way the 
ion concentration at this interface. Ions then enter the film, driven by the concentration 
gradient between interface and bulk. In hydrated films that support high ion mobilities, 
however, ions enter the film with ease, leading to negligible potential drop at the 
electrolyte/polymer interface [5.25]. As a result, drift plays a significant role in bringing ions in 
the film and changing the doping level. In this work impedance spectra were determined solely 
on the basis of drift. 
Electrochemical impedance is usually measured in thin films deposited on a metallic 
electrode. Given an ion mobility of 10
-3
 cm
2
 V
-1
s
-1
 (consistent with small metal cations injected 
in a highly hydrated film) and ac modulation of 10 mV, and a film thickness of 100 nm, it can be 
shown that for frequencies below ~100 kHz the ions are able to reach the back contact within a 
half-cycle. This leads to accumulation of ionic charge at the interface with the back contact and 
complicates the field distribution inside the film. It also limits the amount of ionic charge that 
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can be stored in the film and may lead to a capacitance that depends on the thickness of the 
polymer film. Planar junctions in which the ions can travel for several mm before reaching the 
back contact avoid these complications, and represent therefore a better experimental 
geometry for studying ion transport phenomena. 
Finally, it should be mentioned that in the analysis presented here I make two 
assumptions, namely that there is no barrier for ion injection at the electrolyte/PEDOT:PSS 
interface and no barrier for hole extraction at the PEDOT:PSS/Au interface. The former is 
justified by the high ion mobilities measured with the moving front measurements, while the 
latter by the fact that the film is highly doped near the Au contact. These assumptions might 
not hold in the case of non-doped conjugated polymer films which are usually hydrophobic and 
depleted of electronic charge. Still, the methodology of combining moving front measurements 
and electrochemical impedance spectroscopy in planar junctions represents a powerful 
experiment that can help understand the impact of such barriers on ion transport.  
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5.4. Conclusions 
In this work I performed electrochemical impedance spectroscopy during a moving 
front experiment in a planar junction between an electrolyte and PEDOT:PSS. The impedance 
spectra were consistent with an equivalent circuit of a time varying resistor in parallel with a 
capacitor. The resistor was found to correspond to ion transport in the dedoped region of the 
film, and was in good agreement with values of ion density and drift mobility obtained from the 
moving front measurements. The capacitor, on the other hand, was found to be constant with 
time, implying that it is associated with charge separation at the moving front. The 
interpretation given here helps demystify electrochemical impedance by describing it in the 
language of solid-state physics, using parameters such as ion density and drift mobility.  
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Chapter 6 
 
 
 
6. Conclusions – Outlook  
The work presented in this thesis contributed to the greater goal of understanding and 
engineering ion transport in conducting polymers. Conducting polymers are mixed conductors 
and have found application in organic electronics and bioelectronics.  Although the electronic 
properties of these materials have been studied extensively ion transport has not been 
addressed in the same detail. Ion transport has been studied in liquid electrolytes and in 
polymeric ionic conductors but the simultaneous presence of electronic carriers in conducting 
polymers greatly complicates the system rendering the techniques used in only ionic 
conductors unusable. Electrochemical approaches for studying ion transport in conducting 
polymers are more in the context of dopant, as reactive redox specie, or dopant compensator 
during electrochemical doping and not in the sense of an active carrier. Until now there was no 
method that enables determination of ion mobility in conducting polymers, a figure of merit 
that will navigate the development of ion transport theories.  
The first chapter served as an introduction to this work. An overview of the theory and 
background necessary for understanding the scientific achievements of this thesis was given. I 
presented the electronic properties of conducting polymers, charge transport theories, 
experimental techniques for measuring electronic mobility, the physicochemical description of 
ion conduction in liquid electrolytes and an overview of ion transport in polymer electrolytes. 
Emphasis was given to the moving front experiment, major part of this thesis, with a review of 
the work done by others. Finally I presented devices that are based on the mixed conductivity 
of conducting polymers with focus on bioelectronics. The main conclusion that can be extracted 
from this introductory chapter is that there are still a lot of things to be learned! There is no 
solid theory describing ion transport in conducting polymers and new physical approaches are 
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necessary in experiment and in modeling in order to illuminate the mechanism of these 
processes.  
In the second chapter I presented a simple model that describes ion injection and 
transport from electrolytes into conducting polymer films. The model gives analytical 
predictions for the temporal evolution of the drift length of ions and the current – variables 
that can be assessed experimentally using an appropriate configuration and can be used to 
extract ion drift mobility in the film. I explored the validity of this model using forward time 
iteration of drift/diffusion equations, and under a set of realistic materials parameters the 
model gave accurate predictions. The influence of applied voltage, ion concentration in the 
electrolyte and ion mobility in the film was explored. The purpose of this work was to develop a 
set of rules that can guide the design of an experiment that will allow the determination of ion 
drift mobility. 
Having explored the basic electrostatics of the 1D geometry I took my research a step 
further by developing a method for determining ion mobilities in conducting polymers. It 
should be noted that is the first method developed that directly enables measurement of ion 
mobilities in conducting polymers. In Chapter 3 I presented the experimental set up and the 
application of the method in PEDOT:PSS, a widely used, commercially available conducting 
polymer with record conductivity. By utilizing the electrochromic property of conducting 
polymers I was able to monitor the transit of ions though the film upon injection from an 
electrolyte and define their drift length in the conducting polymer at each time. Using the 
analytical model presented in the previous chapter I was able to extract ion mobility and 
injected ion density. I measured the mobilities of proton, potassium, sodium and choline in 
PEDOT:PSS. In all cases the mobilities were found a bit higher than the electrophoretic 
mobilities in bulk water suggesting first that PEDOT:PSS can efficiently transport ions and 
second that electroosmosis plays a role in ion transport by adding a component in their 
electrophoretic speed. Hydration plays a primary role in ion transport as the film’s volume 
increases more than 100%. Crosslinking the film, reduced its ability to uptake water and hence 
the ion mobility. The technique described in chapter 3 can be easily adapted to other 
configurations such as the doping of intrinsic organic semiconductors, or the dedoping of n-
type organic semiconductors, broadening the matrix of materials in which ion transport can be 
measured. As interest in organic electronic materials that support both electronic and ionic 
transport increases, the method developed here will play an important role in establishing 
structure vs. ion transport properties relationships. 
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Understanding the correlation between ion transport and hydration of the film we 
engineered materials with enhanced and tunable ion mobility. These materials are based on 
PEDOT:TOS and the hydrogel protein gelatin and were developed by collaborators in Monash 
University. Gelatin creates hydrophilic pathways that facilitate ion transport and the amount of 
gelatin added defines the mobility of the ion. In order to incorporate the gelatin, that is a 
sensitive protein, in the polymer matrix without destroying it, a “milder” solvent was used 
during VPP. This polymerization route can be applied for the incorporation of other 
biomolecules as well. Interestingly the electronic properties of the composites remained fairly 
unaffected, ensuring that the PEDOT:TOS-Gelatin composites can efficiently support mixed 
conduction. In chapter 4 first and foremost I show that the method to measure ion mobility can 
be applied in other systems, confirming its potential application to a variety of materials. 
Secondly in PEDOT:TOS, the dopant (tosylate) is mobile, therefore I am studying its transport 
through the film. This can be applied in systems where the dopant is the molecule of interest 
such as biodoped polymers for delivery of biomolecules. I believe this work will contribute 
towards the rational design of materials that simultaneously optimize electronic and ionic 
transport. 
The fifth chapter is devoted to an approach towards electrochemistry. I combined the 
moving front experiment with electrochemical impedance spectroscopy. I performed 
electrochemical impedance spectroscopy during a moving front experiment in a planar junction 
between an electrolyte and PEDOT:PSS. The impedance spectra were consistent with an 
equivalent circuit of a time varying resistor in parallel with a capacitor. The resistor was found 
to correspond to ion transport in the dedoped region of the film, and was in good agreement 
with values of ion density and drift mobility obtained from the moving front measurements. 
The capacitor, on the other hand, was found to be constant with time, implying that it is 
associated with charge separation at the moving front. The interpretation given here helps 
demystify electrochemical impedance by describing it in the language of solid-state physics, 
using parameters such as ion density and drift mobility.  
The work presented in this thesis gives a physical approach for studying ion transport in 
conducting polymers. The method I developed for measuring ion mobility in conducting 
polymers can be easily adapted to other configurations broadening the matrix of materials in 
which ion transport can be measured. One limitation of the method is the use of the 
electrochromism in the visible (VIS) part of the spectrum. Materials that exhibit 
electrochromism in other parts of the spectrum, UV or IR can be studied by changing 
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appropriately the detection system. If no electrochromism is observed then alternatives can be 
found in fluorescent dyes or radiotracers. Another limitation is that the model fails to capture 
the behavior of very concentrated electrolytes (experimentally greater of 1M), possibly due to 
strong ion –ion interaction. More detailed model that can takes into account ion-ion interaction 
should be developed. 
There is a straightforward relation between water uptake and ion conduction but a 
great deal needs to be done in the structural characterization of these materials in length scales 
relevant to ion transport. Characterization should be realized in dry and hydrated state of the 
material and correlation between ion mobility and different structures as well as different 
hydration states of these structures should be established.  
Ions are charged species with a finite mass and volume therefore injection and 
transport can be limited by the free volume in the polymer matrix. It is generally accepted that 
there is enough free space in the polymer matrix for ions to move, due to their soft nature. One 
parameter that is unexploited is if an energetic barrier of injection exist and in case how this 
correlates with the state of the material, (polymer matrix), its hydration level and the ion 
source, (from infinite diluted to highly concentrated to solvent free electrolytes). 
By understanding the fundamental processes of ion transport in conducting polymers 
we will eventually be able to rationally design materials with optimized mixed conductivity. This 
will lead to better design of existing devices and will open routes to new types of devices. 
Last but not least there is a major need to bridge electrochemistry with solid state 
physics. Due to the different formalism and language a difficulty in communication between the 
two fields is usually observed. The development of a universal theory for ion transport and 
mixed conductivity in conducting polymers, that is accepted by both fields will be a result of 
common effort.  
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Appendix 
A1. Determination of hole mobility from transistor measurements 
Bernards et al. [3.10] showed that the mobility of a conducting polymer film can be extracted 
from measurements in organic electrochemical transistors (OECTs). We fabricated PEDOT:PSS 
OECTs using the exact same solution and film casting process as for the measurement of ion 
transport. The architecture of the transistors was the same as reposted previously [A.1], with a 
channel length of 6 µm. The measurements were carried out by supplying a drain voltage of -
0.4 V, and measuring the response of the drain current to gate current pulses of 1, 2 and 4 nA 
(Fig. A.1a). The first derivative of the drain current was then plotted as a function of gate 
current (Fig. A.1b). A linear relationship was observed, with a slope corresponding to a hole 
mobility in PEDOT:PSS of 1.1·10
-2
 cm
2
 V
-1
 s
-1
. 
 
Figure A.1: Temporal response of drain current to gate current pulses (a) and resulting gradient vs. gate 
current plot for the determination of hole mobility (b). 
 
[A.1] Khodagholy, D. et al. High speed and high density organic electrochemical transistor 
arrays. Applied Physics Letters 99 (2011). 
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A2. DSC traces for PEDOT:TOS-Gelatin composites  
 
Figure A2: Typical DSC data for Gelatin,  PEDOT:TOS-33%Gelatin, PEDOT:TOS-50%Gelatin, PEDOT:TOS-
67%Gelatin composites.   
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A3. EQCM characterization of PEDOT:PSS films  
In PEDOT:PSS the dedoping correlates with injection of cations from an electrolyte and 
therefore with an increase in the mass of the film. With EQCM we monitored the mass change 
during the dedoping of the film and its return to the initial state, (only qualitatively as explained 
in detail in section 4.6). As we see from Fig. A.3 when the PEDOT:PSS film is dedoped ( from 
0.4V –to -0.8V) an increase of the mass is observed in accordance with our understanding of the 
dedoping process: Holes are extracted and positive ions (in this case Na+) are injected from the 
electrolyte into the film in order to compensate the sulfonate groups on the PSS chain and 
preserve electroneutrality. When the film is returning to its initial doping state the positive ions 
are expelled (loss in the total mass of the film) and holes are re-injected.   
 
Figure A.3: Frequency change (opposite to mass change) as a function of the applied voltage for 
PEDOT:PSS in 0.01M KCl electrolyte. Doping and dedoping direction are marked. The scanning rate is 
20mV/s.  
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Abstract : 
 
Many organic electronic and bioelectronics devices rely on mixed (electronic and ionic) 
transport within a single organic layer. Although electronic transport in these materials is 
relatively well understood, a fundamental understanding of ion transport is missing. I 
developed a simple analytical model that describes ion transport in a planar junction between 
an electrolyte and a conducting polymer film. The model leads to predictions of the temporal 
evolution of drift length of ions and current. These predictions are validated by numerical 
simulations and by using realistic parameters, I show that the analytical model can be used to 
obtain the ion mobility in the film. Furthermore, I developed an experimental method which 
allows the application of the analytical model and leads to a straightforward estimation of the 
ion drift mobilities in conducting polymers. PEDOT:PSS was found to support efficient 
transport of common ions, consistent with extensive swelling of the film in water. 
Crosslinking the film decreased its swelling and the ion mobility. Understanding the high 
correlation of hydration and ionic conductivity enables us to engineer materials with high and 
defined ion mobilities. As an example tuning of ion mobility by adjusting the relative ratio of 
the hydroscopic phase to PEDOT:TOS is presented. Finally I performed electrochemical 
impedance spectroscopy during a moving front experiment, in order to give a physical 
interpretation of the impedance spectra  at a conducting polymer/electrolyte junction. 
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Résumé : 
 
De nombreux dispositifs  pour l’électronique organique et la bioélectronique  reposent sur le 
transport mixte (électronique et ionique) au sein d'une seule couche organique. Le transport 
électronique dans ces matériaux est relativement bien compris, mais une compréhension 
fondamentale du transport des ions est manquante. J'ai développé un modèle analytique 
simple qui décrit le transport d'ions dans une jonction planaire entre un électrolyte et un film 
de polymère conducteur. Le modèle permet des prédictions de l'évolution temporelle du 
courant et de la «drift length» des ions. Ces prédictions sont validées par des simulations 
numériques et en utilisant des paramètres réalistes, je montre que le modèle analytique peut 
être utilisé pour obtenir la mobilité des ions dans le film. De plus, j'ai développé une méthode 
expérimentale qui permet l'application du modèle analytique et conduit à une estimation 
simple de la mobilité de différents ions dans les polymères conducteurs. Le PEDOT : PSS 
offre un transport efficace pour les ions les plus communs, qui peut être mis en relation avec 
le gonflement important du film dans l'eau. De plus, je montre que la réticulation du film 
diminue son gonflement ainsi que la mobilité des ions. Comprendre la forte corrélation entre 
l'hydratation et la conductivité ionique nous permet alors de développer des matériaux à 
mobilité ionique définie et importante.  A titre d'exemple, le réglage de la mobilité ionique du 
PEDOT:TOS est présenté en ajustant le rapport relatif de la phase hygroscopique. Pour finir, 
j'ai effectué des mesures de spectroscopie d'impédance électrochimique au cours d'une 
expérience de «moving front», afin de proposer une interprétation physique des spectres 
d'impédance mesurés à une jonction polymère conducteur / électrolyte. 
 
